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SECTION 1 |
INTRODUCTION

Yhis report describes work performed under the extension (Supplemeatal
Agreement P00007) of the Aircraft Hydraulic System Perforrance Aralysis contract.
This effort was a continuation of the basic‘conCracL, the results of which wece
reported in Reference (i). ,

The task invelved the development and verification by test of digital
computer models and/or programs in four areas.

1. HYDRAULIC LINE MECHANICAL RESPONSE (HLMR)

A test program was conducted to determine the mechanical resonances and
mode shapes of hydraulic lines due to internal excitation by flow/pressufe‘
pslsations from a typical piston-type hydraulic pump. The objective was to develop
and verify a computar program for predicfing line mechanical response bassd on
pump flow/pressure pulsations ptédicted by the Hydraulic System Frequency Response
(HSFR) program, which was developed during the basic contract. Basic data for
the design of central hydraulic piping systems was obtained as well as the effects
of an intermediate elastomeric pipe support. ‘

2. F-15 PISTON PUMP MODEL VERIFICATION

An F-15 instrumented hydraulic pump (Abex) was used during the basic éontract
to verify the pump Hydraulic Translent Analysis (HYTRAN) model., A direct case
pressure pickup was added to the pump and certain tests were repeéted. ‘Direct
case pressure data was utilized along with additional analysis of original veri-
fication data to further improve the pump model.
3. VANE PUMP MODEL DEVELOPMENT AND VERIFICATION )

HSFR and HYTPAN models were developed and verified by test for a variable
volume vane pump. The unit modeled and tested was the vane stage of the main
fuel pump (MFP~330) on the F-100 turbojet engine. It was designed and is supplied
by Chandler Evans Inc., Control Systems Divisfon. The pump was teéted using MIL-H-
56068 hydraulic oill consistent with previous model development work and the ’
established Hydraulic Performance Anslysis Test Facility (HPAF).

4. HYDRAULIC Moron HODE’L'DB’VELOPMNT AND VERTFICATION ‘

HS?R and RYTRAN models were developed and verified by test for a constant
digplacement, piston-type hydraulic motor. The unit modeled and tested was
designed and supplied by Aero-~Hydraulies, Inc., (The Garrett Corpoxation).

The test motor is used in the F-18 leading edge manuevering flap syatex, and similar

unites are used in F-15, F-14, and B-1 applications.
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Test methods and instrumentation were the same as described in Reference (1)

for test work during the basic program. Special test setups required for the
vane pump and hydraulic motor are described in subsequent sections of this repokt.
Computer models devdloped during the supplemental contract are in the same.fotmat
as those develoned during the original contract, and are coﬁpatible, "building
block™ additions to the HSFR and HYTRAN computer programs documented in References
(2) *hrough (5). ‘ | ,
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SECTION IL
HYDRAULIC LINE MECHANICAL RESPONSE (HLMR) PROGRAM

Hydraulic line vibrations due to pulsations from axial piston-type pumps
can create gerious problems in aircreft. These internal forcing functions cause
the hydraulic system lines to vibrate and transmit loads into supporting structure.
The importance of developing analytical tools coupled with experimental tests
was recognized by AFAPL and funds were.allocated in the program extension go
pursue this develoﬁment. o ‘

The objectives of the HLMR program efforé were to:

o Develop and verify a computer program for prediciting line mechanical

response due to predicted pump pulsations.

o Provide basi: data for the desigﬁ of piping systems.

o Provide information regarding intermediate supports.

The test progran in-luded determining thé mechanical resonances anﬂ mode
shapes due to pump excita. ‘on of three configurations: 1 straight pipe, a
pipe with a 90-deg. bend, and a pipe with two 90-deg. berds (dogieg). In
addition, the effect of an intermediate elastomeric supyort was evaluated.
1.  BACKGIOUND '

a.  Previous MCAIR Efforf

An initial effort to evaluate the mechanical response of a hydraulic ia-

stallation due to internal forcing functions was reported in Reference (6).
This preliminary investigation used forciug functions from the pressure and
flow transmitted by the pump, as provided by the KESFR computer program. Tae
resules indicated that the hydraulic line normalized amplitudes varied
directly with the intensity of the f&rcing function. Although the program’s
predictions indicated the amplitude trend, it did not dﬁplicate thé mechanical
resonances.

b. Literature Survey

A review of published literacuce was conducted to determine the extent
of work performed on fluid-line coupling analyses. Appendix A presents an
annotated bibliography of the literature surveyed. i ‘

It was determiﬁed that much effort has been devoted to analyzing large
piping s?stems transporting oil through the Arablan fieldé, water within Navy
shipboard piping, and academic stylized systems. Except fﬁr the Navy studies,
all analyses councentrated on straight pipes with differeat support conditions
and varistlious in internal finid velocity. None studied the coﬁp]ing between

hydraulic pump pulsatfons and line mechanical response,
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2. TEST SET-UP AND PROCEDURES

Three different pipe configurations »f equal length, Figure'l, were
installed in MQAIR'S HPAF test fixture, The specimens consisted of one-inch
outside diameter, with .. 'Sl-in. wall thickness, 3AL-2.5V titanium tubes;
a straight pipe, a pipe with a single 90-deg. bend, and one with two 90-deg
bends (dogleg). In each case the pipe was rigidly mounted at each end using
Dynatube fittings between brackets, Figure 2; attached to a steel plate. 1In
the test set-up, the pipe specimens were part of the pressure svstem between
the pump and the flow ccntrol valve, and isolated from extraneous mechanical
vibration inputs in order to determire only the effect of the pump pulsations.
The test circuit included a trombone'fube sectioq‘to permit adjustmen,vof the

standing wave location in the test specimen. The test fluid was MIL-H-5606B
hydrau]tc oil. '

Tests with an intermeciate support placed at the, locations shown in
Figure 1 were conducted to determine the effect of an elastomeric clamp on
line responses.

Six single axis accelerometers were installed on each specimen at the
same location with respect to the pipe centerline. ' Triaxial accelerometers
to record data sinultaneously along three orthogonal axis were not eﬁnlovoﬁ
since their weight wot ld have affected the line response. Lightweight siagle
axis accelerometers were used to minimize this effect. Tests had to be repeated
for each axis thereby im:reasing test time for each configuration.

‘Pressure transdw.ers and thermocouples were installed in the test
set-up. The standing praésure wave in the test line was determined as a function
of pump speed, by means of a roving transducer.

All the test data was run with a pump outlet flow of 2.0 gpm and a nomincl
pump inlet temperature of 130°F. Fach test specimen was run unclamped and
clamped before woving the accelerometers to a different axis. A pump . need
sweep from 1000 to 5000 rpm was made whilz recording analog data on tape«.

Data plots of acceleration as a function of pump speed were made from the tapes.

‘These plots were used to identify the pump speeds at each mechanical resonance.

Then, for each significant mechanical resonance condition,spectrum analyses
were obtained while dwelling the pump at the resonant speed. In additiern, the
phase relationship was obtained between a reference accelerometaer and all other

accrlerometers.
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3. TEST RESULTS

a. Pump Pressure Pulsations

The standing pressure wave was determined from the graphical data of fundamental
pressure peaks versus pump speed at a number of pre-set locations usiny 2
roving transducer. As prev’ usly mentioned, all test data was obtaineu with
a pump outlet f > »w of 2 gpm and a pump inlet temperzture of 130°F, '

The results summarized in Figure 3, indicate three resonance speeds.

Pump speeds above and below those shown have lower peak values and have

waves with translational nodes as seen in Figures 4 through 8.

100C
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FIGURE 3. HYDRAULIC RESONANCES
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b. Line Response

Line response data reduction was made in terms of mode shapes for the three
configurations. The graphical presentation made herein shows the normalized
deflection, base on maximﬁm amplitude/acceleration, &s a funciion of pipé
length for each resonance speed. In addition the reference acceleration
previously mentioned 1sléhown tor each case. For specimens with bends, the
inplane and out-of-plane modcsvare shoun for a visuvalization of the motions
involved. It is seen that the cushioned elastomeric clamp had no effect on
restraining the line (almost 1dént1ca1 mode shapes) but slightiy lowered
the acceleration.

(1) Straight Pipe
_ Both unclamped and clamped configurations exhibit almost identical

mode shapes, Figures 9 and 11, equivalent to fhe third harmonic at the samz
excitation level. Note that che line resonance condition coincides with the
second resonance of the stonding pressure wave. ‘ '

The clamped set-up had a slightly higher acceleration with the clamp

P WA b 0 n L b

providing no physical effect on the mode shape. However, 1t did produce

another distinct resonance, Figure 10, characterized by a longitudinal accelera-

? tion which was the highest for the straight line configuration.
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FIGURE 11. HYDRAULIC SYSTEM LINE RESPONSE :
STRAIGHT PIPE CLAMPED MODE SHAPE DATA ?

(2) One-Elbow Pipe
Unclamped and clamped configurations had identical resonahces, similar

mode shapes and accelerations slightly lower for the latter case. Both set-ups
had a recurring frequency at 1030-1035 Hz corresponuing to higher harmonics of
the pump speeds shown on Figures 12 and 15. The basic mode shape for these
cases have two nodes such that the inplane normalized deflections show the:

characteristics of the third mode of a cantilever or fixed~pinned beam for the

SO Y S

first leg, and the first mode for the second leg. The out-of-plane deflections
compare with those of the third mode for a fixed-fixed beam.

Peal acceleraticns for this configuration occurred at the elbow in the !
inplane direction. Intereétingly, the second standing pressure wave resonance ;
at 2900 RPM also excited a mode shape similar to the previously discussed
inplane deflections for 1035 Hz. ' However, there was little motion in the cut-
of-plane direction although only the clamped version was measured as seen in
Figures 13 and 15.

The only frequency occurving on the first hatménic of the pump speed is
at 653 Hz (4350 RFM) and produced the maximum accelerations for both the unclauwped

and clarped confipgurations with the latter having a stightly (tem percent) lower

L I YA HOEST AN 101

aczcelerations. The inplene wmode shapes, sesn in Figurees 14 and 17, are basically
the first leg wotion coupled to that of the second leg with the mexisum acceleration

measuremant at the atatfon after the elbow, away from the puwap.
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FIGURE 17.
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(3) Two-Elbow Pipe

Two fundamental resonances were encountered in this configuration for
the unclawped and clamped set-ups. Bothvsets have similar mode shapes. The
out-of-plane peak response occurs at 2900 RPM, the second standing wave resonance,
with the maximum deflection midway of the first l:g as seen in Figures 18 and 20.
In addition, the measured acceleratfons are close to each other. However, the
maximum accelerations occur in the inplane direction with lateral cross~tube
motions as shown in Figures 19 'and 21. Peak ecceleratfions in the clamped set-up
were 15 percent lower than the unclamﬁed version.

(4) Comparison Between Internal and External Data

Graphical superpositién of the peak pressures aqd accelerations are shown
in Figures 22 through 28 for the three test configurations. The general trend
for the straight and two-elbow lines is for the peak acceleration to occur
in the vicinity of zero peak pressure, and for the one-elbow line to have the
pressure and acceleration to‘peak almost simultaneously. A possible explanation
to this disparity could be thé number of section or legs in a line. Thus, a
gtraight and a two-elbow pipe conzist of "odd" sections, and the one-elbow has

"even" (two legs) sectioms.
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(5) Elastomer Flexibility ‘
The clamp elastomer was subjected to successive weights in the test

set-up shown in Figure 29. Also shown is a cross-sectional view of the wedge-shaped
yellow nitrile clamp elastomer. The results shown in Figure 30, indicate that with
increases of one-pound or five-pound weights produce equal slopes or a flexibility

(spring rate) of 1220 1b/in. This‘value can be ugsed in future support flexibility

studies.

(6) Strain Measurements

Strain measurements were made on the one-elbow (L-shaped) pipe in the

' unclamped and clamped configurations to evaluate pump effects. This was beyond

the scope of the program. Two gages were placed 3/8-inch from the line
specimen edge closest to the pump. One gage was installed to< register

_ the longitudinal strain and the other for the circumferential strain. The'
two gages were attached to the tubing 90-degrees apart with the circumferential

" strain on the bortom pipe surface and the longitudinal strain on the pipe surface

1 i MGt O e S s D o S b e Ak A M o i DM s A

towards the inside of the pipe bend (horizontal plane).
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The measured strains were approximately equal for all resonance conditious

encountered and are summarized as follows:

Test Set-Up , Direction Strain (Microinches/Inch)
Unclamped Lodgitudinal 250
, - Circumferential : 1080
Clamped Longitudinal ‘ 300
' Circumterential 1130

The calculated lon~itudinal and circumferential stresses from the measurad
strains were about 20 percent and 10 percent lower for the unclamped and clamped
configurations, respectively, than those stresses calculated from rressure and
geometric consideratioas,

The vresults are inconclusive and additional testing is needed, siace
F-1% Iron Bird has shown the expected variation in stress as a function of

{ motion,
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&. ANALYTICAL £ROCEDURES

a. :5£g}nclogz

As previously shown the frequency response data can be used to characterize
the shape of deformation of a line associated with each natural frequency or
resonance. These unique deformation distributions along the pipe are herein
referred to as wode shapes. These mode shapes provide visual means of analyzing
the dynamical behavior of a hydraulic line. '

A brief review of fundamental considerations in pipe‘vibrations is appropriate.

' (1) Degrees-of-Freedom
This refers to the number of independent quantities defining the position .

of a system. This means that a system consisting of a mass attached to a massless
#pring and constrained to a unidirectional motfon has one degree of freedom because
tha system is defined by the deflection of the spring. On the other hand, a simply
l":pcrt!d (pinned-pinned) beam or pipe has an 1nf1n1te numbter of degrees of freedom.
I .1 {8 due to the flexlbility of each element rolative to udjoining ones which
rcq ire an infinite number of element deflections to describe the position
culp . stely.

(2} Vvibration Modes

The nutber of principal modes is equal to the number of degrees of

frem‘om. Frequencies of the principal modes o1 oscfliation are called natural
frequencies. Thre lowest natural frequency is called the first or fundamental
od= of vikrzeion., & pipe, or beam, has an infinice numt~r of principal
ades.

(3) PResonance

Tesonanca 1s a phenomenon which occurs when a cystem 1s excited
perilodical? . (sich as by pump pulsations) with a frequency a* or very near the
natut 1 trequency of the system. At this condition, {f the demping of the system
is 3waii the system will respond with large amplitudes which have undesirable
sumietintl effecis. '

Betw?fb'supports or clamps, a pipe 1s a beam with uniform mass distribution.

Bat®h restrained length possesses an infinite number of degrees of freedon,
weigeiomizly vibration may occur in an Infinite number of modes singly or in
cﬁ&bi&ution. Tzble 1 gives an overview of vibration modes as a function of
wa: (7.0 supports. The frequency factor {multiplier) given in the right hand
column 15 an indication of how the higher model frequencies vary under basic
conditicns. TFor example, comparing the factors, the first and second natural
frequencies of a fized-fixed pipe will be the seme as the secornd end third

natural frequencies of a cantilever pipe with the same geometric characteristics,
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TABLE 1. PIPE FREQUENCY OVERViEW

©

SUPPORT MODES OF VIRRATION | FACTOR

FIRST j—* 5.52

CANTILEVER 'SECOND g 22 .4
THIR D S i 617
FIRST L~ ——=n 9.87

PINNED - PINNED SECOND B, =t N 39.¢
THIRD =" 88,9
1R ST P~ 15,4
FIXED-PINNED SECOND N 50.0

T"“RD» 2W '04
FirsT ' 4\«_/{ l22.-i~ J

= S

FIXED-FIXED SECOND

A el

THIWD T N F 121

b. Straight Pipe: Transverse and longitudinal Vibrations

For a straight pipe or beam, the transverse and longitudinal frequencies
have b:en studied by a number of authors such a; those in References 7 and 8.

A short computer program including the effe:ts of a fluid in the pipe
has been accomplished (Appendix B) and provided the inputs for Figure 31; which

shows the effects of varying pipe length between fixed supports. Reducirg the

length by one-half causes a four-fold increase in the fundamental frequency

and a potentially destructive effect if it falls within the pump operating

regime. Note that the frequency is approximately the same for aluminum, steel,

and titanium tubes. This is because the ratins of modulus of elasticity to dersity
for these materials are nearly equal. The factors shown indicate the effect of fluid
on frequencifes. Reducirg the pipe diameter or increasing the wall thickness lowers
the frequercy since for a y.ven length the modifying parameter is the

square root of the inertia-area ratio as shown in Figure 32. Although the

computer program presented in Appendix B is for a pipe with fixed or built-in

ends, tte fundamental and higher order frequencies for a straight plpe of

any lergth between varicus types of non-flexible supports can be determined

by menns of the frequency factors provided ia Table 1.

;
:
i
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FIGURE 31. STRAIGHT PIPE BENDING VIRRATIONS
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A brief investtgation was made into the effect of clamp elastomer flexibility,
Figure 33, which indicates that for midspan clamp tiffnesses below 30C 1b/in.
(test elastomer 1290 1b/4n.), the ériticalvspeed is only dependent on pipe
length. As the spting rate/stiffness is substantially increased, there ;s the
danger of having the critical speed within the pump operating regime.

¢. One-Elbow Pipe Vibrations

Programs were developed for the in-plaae and out-of-plane vibrations and
are included in Appendix B. For the inplane vibrations, the analyéis is based
oun simplified analysis using fréquency factors shkown in Table 1 for the
appropriate end conditions and modes. In addition, Dunkerley's method was
uced to find the coupling frequencies. The method is used to find the
approximate value of the €requencies of shafting systems. The formula is as

follows:

where f is the approximate fundamental natural freqﬁency of the system, and
f1, f2, f3, --- fn are the natural frequencies of a single mass of a mﬁlti-degree
of freedom system. The limitations imposed on the program is its applicability
to pipes with 9C-dez bend angles.

The results are show@ in Figures 34 and 35 for the test pipe size (1.00-0.D.

x .051 wall) and indicates the effect of material type and leg lengfh on frequency.

The numbered modes have been detailed in Table 1. It is seen that for a titanium
pipe of eaual leg lengths of 23 inches, there are no inplane vibrations of
significance within the pumﬁ operating regime.

For the out-of-plane vibrations, the analytical development is shown in

Appendix C and the computer program incorporated in Appéndix B. Computer runs

were performed for two different pipe sizes and the results are shown in Figure 36,

Variation of leg lengths and type of material ace not as important as the pipe

length betwecen supports., Thus, undesirable out-éf—plane vibrations are

encountered in the operatilag regime if the distance between supports are

in the vicinity of 20 ifiches or less,

d. Two-Elbow Plpe Vibrations

The inplane and out-of-plane vibration analysis were developed using similar
techniques as the one-elbow inplane analysis. The derivation of the equations of

mciion for the crrsspijpe (middle leg) translaticnal and torsional modes are
shown ia Appendix C. v
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5. MODEL VERIFICATION
a. Test Data Summary ‘
Pictorial representations of the relationship between resvnances and pump

speed, for the data previously reported, are summarized in Figures 37 through 39
There

The first set are the horizontal

for the straight pipe, one-elbow pipe, and two-elbow pipe, respectively.
are two basic sets of data in each figure.
lines which indicate the natural frequencies measured on the test set-up. Tue
second set is the radial arrangement of straight lines, with a common pofnt at
the origin of the rectangular coordinate system, which depicts the relationship
between the exciting frequency and the pump speed. These radial lines have slopes
equal to the harmonics of the pump, which is the number of oscillations per revolution.
The intersections of these radial lines (hydraulic exciting frequencies) with
the horizontal lines (ratural mechanical frequencies) indicate conditions of
resonance.
Although tests indicated three hydraulic resonances at pump speeds of

1600 rpm, 2900 rpm, and 4300 rﬁm, none excited a fundamental wechanical resonance.
At 1600 rpm no significant mechanical responses were measured in any of the three
test configurations. The other two pump speeds produced the larger responses in
terme of measured accelerations. ‘ '

(1) Straight Pipe

The test data summary is shown in Figure 37.
respond ing similarly to the third mode of a beam with built-in ends. The measured
I This is close to the computed value of 409.3 Hz.
This value

At 2900 rpm, the pipe is

frequency at this mode was 435 Hz.
At 4350 rpm, a longitudinal excitation was measured at 653 Hz. ‘

is almost half the calculated frequency of 1370 Hz indicating possible interaction
with pipe overhang just outside the supﬁotting brackets or the brackets themselves
when & clamp 1s used. . '

(2) Omne-Elbow Pipe

The hydraulic resonances at 2900 rpm and 4300 rpm resulted in predominantly
inplane motions. As seen in Figure 38, the peak accelerations were measured at
the first harmonic of the pump speed, with 315-G for the unclamped case reduced
to 286-G for the clamped version, on the accelerometer located after the elbow,
awvay from the pump. Higher order mechanical responses were measureé at 1030-1035
Hez which excited Soth inplane and out~of-plane motfions. The calculated out-of-plane
fundamental frequency is 43.8 Hz which is so low with respesct to the pump operating
regime that it precludes any coupling with mechanical or hydraulic resonances

for the system tested.
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FIGURE 37. HLMR TEST DATA SUMMARY
Straight Pige

L

PRI SRS i

30

i A A R AN AR T W € S




Frequency - Hz

e s ey

1200
93-G 159-G Unclamped
1000 |- g
150-G Unciamped
i 84-G Clamped lr
800 . - / 1
| | -
g I 7
Pump
Operating
. Regime
' ‘ -
| |
2200 4300 —e——— tydraulic
i Resonances
I | |
2000 3000 4000 5000
OPre-e8-4

Pump Speed - rpm

FICURE 38. HLMR TEST DATA SUMMARY
One-Elbow Pipe
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FIGURE 39. HLMR TEST DATA SUMMARY
Two-Elbow Pipe
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(3) Iwo-Elbow Pipe

Similarly, the measured data is sv. arized 1n Figure 39. The two
rerdnances shown, with insets providing viaual represeutation of the wode ehapes, were
1»:ited by the first harmonic of the pump speeds st 2900 rpm (out-of-plane) and
#600 rpm (in-plane). The latter pump speed is slightly higher than the hydraulic
1asonance 2ssured at 4300 rpm.

b. Coaparison of Analytical and Test Results

The‘straighi pipe Qibré;ion modes aad frequencirs ave predictable, while
the one-elbow pipe out-of-plane fundamental‘frequency was calculated to be far
below the pump operating regime and consequently of little relevance. The one-
elbow pipe'inplane vibrations indicate that for the test configuration,the cclculated
axial and coupled axial-bending frequencies are Qibhin the expected accuracy limits
of th2 analysis but lower than the measured value. In the determination of the axial
frequercy, the entire fluid weight was considered to be contributirg to the total
component weight. The contribution of fiuid weight to the overall solution has aot
been studied as extensively as mechanical systems. The results of a brief study

into the variation of fluid weight on the axial frequency'is shown in Figure 40,

ELib: RED OIL AT 130°F, 3000981
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FIGURE 40. ONE-ELBOW PIPE INPLANE VIERATIONS
' EFFECT OF FLUID ON AXIAL FREQUENCY
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A 33% effective flgid weight results in an accurate prediction of the sxial
frequency. Pipe sizes with ratios of flow area to cross-section a«a wh&éh
are very close to each other results Ia similer .fal frequencier Tt {ir
interesting to .note t»at Reference 8 suggests tra. in a spriug-mas' Lysiew tpe
determination of froguencies should take into avcouvnt one-thir? of this sPring

weight. The tzst results and analvsis are summarized as foliows:

Tzhle 2 - One-Elhow Pipe Data Correlarion

Pump

Speed Firequency (Hs) Mode Ideat.ficaricn
REY; Measured Caluulated S
1726 451 Axial (100% €151
2300 1030-1035 1035 Axial (332 fluid)
3440 ‘
29G4 870 . 860 Second bendiag
4350 ) 653 605 Second axial-vendiug
The two-elbow plpe computer output data were extracted for comparison vith
toae measured data acd the results are summarized as follows:
Tabie 3 - Twozklbow Pipe vyta Correlettov
P‘ump
speed Frequency (Kz) Mode Tdentification
RPX) e Lalcnlated ; .
2300 431 Coupled axial-bending
4600 634 Ax fal
34
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SECTION IIIX

F-15 PISTON PUMP MODEL VERIFICATION i

Further testing and computer program model development work was accomplished
on the instrumented F-15 hydraulic pump (S/N 038). The HYTRAN pump computer
model was enhanced. ‘ ¥

The instrumented pump used in the original AFAPL three year contract ‘ '
was refurbished by Abex. The wiped port plate and cylinder barrel were

i o

replaced, a case drain pressure tap was installed, and new O'rings were
installed. ' '

Steady state tests were rur. to recheck the case ptessute/f16w and the
heat rejection éharacteristics. .

The HYTPAN pump model calculation of case pressure was to be verified C a §
with the cas: pressure transducer, and tests were repeated for low and high flow
demands at several test conditions identical to those for the original pump
model verification. ‘

In addition tests were repeated at 4400 psi pump outlet pressure to
verify the F-15 pump transient model at the higher pressure. Frequency response
data was also taken to determine pressure pulsations at the 4400 psi test

pressure with the pump velve plate still timed for 3000 psi outlet pressure.

1. FREQUENCY RESPONSE TESTS

The refurbiéhed ¥-15 instrumented pump was used for the extended frequency
response testing. Outlev circuit pressure pulsations at 4400 psi were mappgd
in the same line locations as in the original 3000 psi.frequency response verification
tests. Total pressure pulsations and fundamental frequrency pulsations were ' ‘

measured at each location during the pump speed sweeps.
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a. Test Circuit Description and Coﬁxputer Mcdel ‘
A load valve was added to the transient test stand and test runs

were made on the system configuration shown in Figure 41 with MIL-H-5606B
hydraulic fluid. Figure 42 ghows the 9 ft. frequency response test section
which terminates at the load valve. The figure details the locations of the
measured data points used for the €frejquency mapping. A roving clamp-on transducer
was used to collect data atlthe indicated points bétween locations P3 and P2,
which were permanent transducer locations. For each test point a plot'of the
fundamental frequency and a oscilloscope trace of the total peak to peak

pressure pulsations were made as the pump swept from 1000 to 4200 rpm. The
steady state flow rate of 12.9gpm was somewhat higher than desired, but ic

was necegsary to keep the pump operating in a stable mode. HSFR input data for the high

pressure verification circuit is shown in Table 4§,

STEADY STATE tLOW
. CONTROL VALVE,
FREQUENCY ANALYSIS
SECTION ‘
LOAD
<>, 30 FTx1IN.OD. - VALVE
- > Loao Vauvg ]
mgeect F1§ TRANSICNT CONTROL
: VALVE
DRIVE ®_ INSTRUMENTED PUMP .
k&hr{ﬂaonwp L.
: sorm 'V‘EB 2
o 10
RELIEF VALVE (TVP)

' Bgsm
LY

500 PSID RETURN FILTER

[~ 8 ® &4 OPH
TUBBINE
> : FLORMETER
{TYP}
XCHANGER)—

Fa H;AND BOOTSTRAR
RESERVOIR l - ACCWULA\'OH

HEAT €

FIGURE 41. HYDRAULIC PUMP VERIFICATION TEST SETUP
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located at 83.41 inches from the pump outlet.

b. Test Results and Comparison to HSFR Program Predictions

‘The test data was manually ovérplotted on a reduced computer output

plot. Manual plotting and repfoduction distortion will introduce some error
in the correlation process.

Oscilloséope traces of the peak to peak pressure pulsations indicated resonant
frequencies at 1500, 2650 and 4000 rpm. These frequencies of course were identical to

thogse seen at the 3000 psi operating pressures. The highest pulsation recorded was

At approximately 4000 RPM they
were 1300 psi peak to peak'as indicated In Figure 43,

The fundamental peak pressure pulsation measured in the lab is presented

in Figure 44, At 4000 rpm there is a 300 psi peak to peak pulsation. This

indicates that the remainder of the pulsation energy is fcund at the higher
harmonics. |

The HSFR computer generated pressures at the mapping locations are presented

in Figures 45 through 54, The test data has been overplotted on the computer

output for comparison. The plots show excellent frequency correlation of 0-3Z (0 to

75 rpn) for the second and third resonant speeds of 2650 and 4000 rpm.

T e e m-,qw;,«m»wmmmrm-,?-

FIGURE 43. PEAK TO PEAK PRESSURE PULSATIONS B3.41 INCIES . { %
FROM PUMP OUTLET H
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Instrumentation error and temperature drift during testing could account for errors

" of this magnitude. However, HSFR predicts a first resonant speed that is sbout

200 rpm too low (1330 vs 1500 rpm). The predicted resonant point is below the

compensator valve's natural frequency of 1500 rpm. The predicted point does

not appear because it is washed out by the compensator valve whose dynamic

behavior 1is not modeled.

Figures 55 and 56 compare the computed and measured standing pressure waves

at 2650 rpm and 4000 rpm. The period of the wave shows excellent correlation

between computed and measured results, but the measured amplitudes are much

lower than the HSFR program predicts. At 4000 rpm, the predicted amplitude 1s

about 3.7.

_off by & factor of about 2.5 while the 2650 rpm values disagree by a factor of

Data is not available from the 3000 psi testing at the 12.9 gpm flow

rate for direct comparison to the data taken at 4400 psi.

Jowever, as expected

pulsations were higher with the 4400 psi outlet pressure because the pump valve

vlate remained timed for a 3000 psi outlet pressure.
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2. TRANSIENT TEST DESCRIPTION

Transient testing oflthe F-15 instrumented pump,with MIL-H-5606B
hydraalic fluld,invvstigated load level, speed, temperature and case
pressure effects at 3000 psi and 4400 psi pump outlet pressures. A
schematic of the test stand s presented in Figure 57.  Thirteen data
parameters listed in Tablevi5 were recorded duriné the testing. The
analog signals from the transducers were digitized by waveform recorders
and transferred to cassette tapes through the Wang programmable calculator.

A srmmary of the 3000 psi pump outlet pressure transient test runs
appear in Tgble 6. When clhecking out the reworked ¥-15 puump it was found
that turn-off transients tock longer to stabilize at the same test.
conditions established during the previous pump testing. It was noticed
that the pump actuator pressure during a turn-off transieht peaﬁed between
3000 and 3500 psi, and that the hanger hit its stop about three times v
beforé étabilizing out. Before the instrumented pump was sent back to
Abex, the actuator pressure would peak at approximately 2400 psi. The
compensator setting was readjusted to see if this would decrease the
actuator pressure. fhis had very little effect. The compensator spool
valve was removed and inspected but nothing was found that could cause
the unexplained increased in actuator pressure. The turn-on transients

generated similar data as the previous‘tests,although the pump case drain

pressures were now higher.

'

LOWLEVEL
STEADY STATE

Y X MR VIN.OD. CONTROL VALVE

or Xn

Py e, ‘P, O.[ /-Joﬂ'um,oo. @ LOAD
n >

T VALVE
] &
oy P
onvE P18 INSTRUMENTEQ PUMP
TRANSIENT
pos CONTROL
VALVE
Py r"% ry ! CASE DRAIN
FLOW CONTACY, VALVE
‘FRETURAN
FILTER
BONTSTAAP U
CONTAROL, :
ACEURULATOR H ;
MO N M20 OUT . |
- MEAT EXCMANGER
F4 AESEAVER

FIGURE 57. HYTRAN PUMP MODEL VERIFICATION s
TEST SETUP i /
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TABLE 5 TRANSIENT TESTING DATA RUN. PARAMETERS

P .« ... . Pump Control Prassure (Actuster Pressure}

L . .. .. .Pump Case Draln Pressurs: Ine rosl

P2 L ... .Casu Dratn Lioe Praseurs: External i .
r” .. . s o« Pume Outlst Pressure

PS . ... .. Suction Prassurs

.. ... .Beservoir Preseure

P oo .o . . Preteute 378 Inches from Pusp Ouzlet

XV .« . ¢ .. Transfeat Control Valve Position

XH .+« .+ . Pump Ranger Poaftion

XC + ¢ o o o & Punp Compansator Spool Position ’
BT+ ¢ o . o . Drive Torque
... -lhouuu at Port Plate
» » Outles ¥low

e
.
.
.

TABLE 6 F~15 PUMP TRANSIFNT TESTS AT 3000 PSIG OUTLET PRESSURE

W s TYPE OF STEADY STATE
TRANS : 2T FLOW LEVEL(CIS) DRIve APPROX STEADY STATE RESERVGIR
INTTIAL FINAL INLET TEMNP(°F) SPEED{RPY) CA.S! PRESSURE (PSIG) PRESSURF (PS1G)

R T L S e e~ e e e e
e e S R T T e e S T o MNM‘_“__‘*‘*"

N-0rexx " Turn-On 2 19.25 13 000 : 70 56
4-01-xx Turn-0ft 19.23 2 133 4000 70 5
% axx furn-On 2 3.5 130 4000 70 53
S X farnoer ass 2 235 4000 70 5%
M AdIXX Turn-on 2 77 130 4000 10 49-55
b xx Tura-ngt 7y z 129 4000 70 : 34-50
$4-AGXX Turn-on 2 854 193¢ 4000 70 46.3
P4-A6-XX Turn-0ff 184 2 130 4000 70 4.8
ster grrvcs i

H-CTHRX Turo-on 2 7 m 3000 7 sz
94-07.2x Tutp-0f £ 77 2 129 . 3000 70 s
%4-08+cx Twro-on 2 ” oz 5000 10 ‘ s0 ‘
408 XX Turo-Of ¢ »” 2 130 3000 o 0 $5.8
e ereecr

WoASHIX T Yurn-om 2 77 m 4000 7 35
A% XX Turn-0ft 37 2 ns 4060 0 ‘ 39
<Atk messues grercrs ‘

84-034x% Turn-0a 2 77 130 4000 100 [y’
M-03x% Nru-otf 3y 2 10 4000 100 C o83
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When the instrumented pump wa3 shipped to Abex for refurbishr:nt, they
found that the port plate was wiped. A wiped port plate provides a modified
leakage path to ialet from case. The increased leakage flow to. inlet results
in lower case pressures (58 psig typical). With the modified pump t!is
lezkage path was eliminated and consequently the case pressures were lhigher
{80 psig typical). With higher case pressures,the ability for the actuator
to dump fluid while destroking on a turn-off transient is lessened. Thus it
might take slighrly ldnger for the pump *o destroke, and the increased oscillations
may be due to this couapled Qith h'gher case pressures causing the compensator
to take longer to reach a steady state (force balance) condition,

The pump compensator was adjusted to give a 4400 psig pump outlet
pressure. Some of the transient tests were‘repeated at the higher pressure and
they are summarized in Table 7. Although the pump was capaBle of atta@ning

higher outlet pressures, it was necessary to iimit the pressure to 4400 psi
to avoid excessive outlet transients due to the limited compensator stroke,

aud the necessity to measure this movement at the higher pressures.

TABLE 7 F~15 PUMP TRANSIENT TESTS AT 4400 PSIG OUTLET PRESSURE

'

STEADY S1ATE . RESERVOR
[t¥e arf How LEVEL(CES) BRIVE SPEFD APPROX CASE PRESCIEE
RUN RUMBF- TRANSIENT INLEEAL T'INAL INLET 1EM0d"F) (Krv) DRAIN PRESSURE{#SIG) (s

LOAD Lévet VFFRCis

Wh-O] X Threr-1m 12.0% . 1 Wy NG 20 52
9t-17F -XX Turn-oft iy T 12,28 100 0o 70 I 4
960 14XX Tirn- on , 17,25 ' 4.5 100 0 10 sz
96~ 03- XX Yurn-ptf RS 17,25 100 00 i 53

TEMPERATURE EF¥E T

k-0 K Tutn-in 12,25 12 2o pitio) mn 53
Fh-04-XX T4 I 17.25 201 VM 2 $3

UASE PRESSURE SFFEITHE

hH-7XK . Tuen-On 1125 27 1en 000 190 S0
F6-07-4% Tura-nft 4 i7.2% Ui 000 0 $2
48 '
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During the testing it was found that the pump compensator was very
unstable at steady state flows less than 17.25 CIS and fluid temperatures
much greater than 100°F. The transient test also had to be run at 3000 RPM
inntead of 4000 to stabilize the compensator. VFigure 58 shows the
pressure upstream of the transient control valve for a turn-on transient
from 2 - 19.25 CIS at 130°F. The transient control valve was not activated
until 0.02 seconds into the test run. Between 0.0 and 0.02 seconds the
pressure varies 400 psi due fo the compénsator 1ns§ability. Increasing
the steady state flow helped to alleviate the problem.

3. PROGRAM CHANGES AND HYTRAN PUMP MODEL VERIFICATION

The objective of the extended testing was further verification of
the HYTRAN F-15 pump model. The HYTRAN program schematic of the test
system is shown in Figure 59. The recorded inlet pressure and external

case drain pressure were chosen as the boundary conditions for the simulation.

The suction pressure transducer was located 55.75 inches from the pump. inlet,
and the case transducer was 18.0 inches from :he case drain port.

A HYTRAN component model (TEST91) was written to input the test data as
boundary conditions in the simulation. The subroutine TESTI1 uses the input

pressure data to compute the flow at time t in the simulation using the . .

equation:
Q= C - P(t)
YA
where

C = 1line characteristic (PSI)
Z = 1line impedance (PSI/CIS)
P(t) = P data pressure value at time t (PSI)
The input test data was filtered to eliminate excessive noise and
reduce computation error in the simulation. This was accomplished by ‘ :

using a 100 Hz filter on the pressure signals when they were played back from

the analog tape into the waveform analyzer. Use of the filtered tect data

also reduced the same error that might be introduced by imperfections in other
cowponent models. The remainder of the system in Figure 59 1s .the HYTRAR

model of the actual test set~up from the pump ocutlet to the load valve. Component
Type 23 1s the transient control valve and the two Type 41's are restrictors

used to control the maximum and bypass steady staté flow rates. The dimensions
were taken from the test stand. Table 8 presents the typlecal BYTRAN {nput

data used to describe the test schematic in Figure 59.
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TABLE 8. BASIC HYTRAN INPUT 3000 PSI HYDRAULIC SYSTEM
‘ 2-77 CIS TURN-ON TRANSIENT

eoeonATA KUl N0, F4-AUIPE AND P2 F-1Y PURRS LS (OPTNTIN)
L) . ¥ 1.

. k] ? ¢
’ i
: L] 3 L4 . . [ 95,73 1.6 e 1.n?
3 [ 4 3 e [ [ 4 . is,ve o375 oin [N 134
3 L] ) . L] e 3 .0 }.8 #34 howi? i
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L3 1 ) e [ [ ] [ 4.0 50 (21] Jouk?
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* L] L 2N ] * [ ] [} . .8 ey 3007
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L. 0% 0218 o2
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¢ 4l & 3 -4
820 «48
T n . [ r -9
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13 a3
&l ) L]
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a. Y-15 Pump Model Changes
During the original AFAPL contract,extensive testing was done on the F-15
instrumented pump.: The HYTRAN model adequately predicted the fnitial
transients and general operating characteristics of the actual fnstrumented

pump. However the transient decay was not accurately computed. The follow-on
contract work Las emphasized improving the damping of the pump model. Not ‘ : }
adequately defining the damping characteristics of the actuator, hanger - :
and compensator are some.of the areas that would cause this problem.

The original HYTRAN pump model computed the actuator leakage coefficient

as a linear relatfonshin between the leskage coefficlient at maximum

L Lt s s

pump displacement and actiator position plus the leaksge coefficient i
at zero pump displacement. This flow along with case pressure plays

a significant part in determining the‘damping characteristics of the

hanger. The camputation for actuator leakase was updated using an

equation for fully develbpeﬁ lsminar steady flow between stationary , ;
;ﬂ flat plates. (Eqn 1) :
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Q= w>
12yl

where

AP ' o | 1)

- fluid viscosity (lb-seclinz)
Q = flov rate (cis)
AP = pressure drop (psi)

b = passage height (in)

w = passage width (in)

L = passage length (in) ‘

The user inputs the depth of the flat cut on the actuator and the
minimum actuator engagement which occurs when the pump is at minimum outlet
flow. The new computation method has slightly improved the pump model.

The effects of adding a velocity tern due to the motion of the actuator
were small for the pressure drops (1000 psi) and actuator rates (50-60in/sec
ﬁax) of the pump, so it was not included in the computation. .

Another area of investigation was the flow forces on the compensator valve.
The‘original HYTRAN model contained a simplz computation describing these forces.
Efforts to improve the computation did not prove fruitful. Removal of
the flow force term did adversely alter the simulation, thus it was not
changed.

A paramet . study was performed on the F-15 pump model to determine
the sensifivity of the input data in the computer éimhlation; Four inﬁut
data parameters were investigated for turn-off and turn-on transients
at a pump speed of 4000 rpm, 3000 psilpump outlet pressurc, steady state
flows of 77 CIS and 2 CIS, 130°F system operating temperatuc-e and a control
valve operating time of 4 milliseconds. The pzrameters investigated were
hanger damping, actuator displacement, coefficient of pump leakage and
case volume. ‘ ‘

The hanger damping term had the most significant effect on the damping
-frequency of the pump model. Thé hanger damping verm accounts for velocity
dependent friction factors which include the effects on the changes in

precompressicn and decompression when the hanger iz in motion.
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Initial attempts to alter this term did mot prcve successful because
of the limited knowledge abour the case pressures which affected the dynamics
of the hanger, With the addition of the internal case drain translucer,
it was possible to significantly vary the damping term and monitor the
computed case pressure, the hanéer position, actuator, ovtlet and inlet
pressures to assure that these values were not dev;ating from the Eeasured
values. The term was varied until a value was reached that would give good
correlacion betw. en the computed results and the measured test data. Figura
60 shows the pump outlet pressure for a turn-off transient at 77 CIS and
130°F with the hanger dawping term at 25 lbg/in/sec. Although the initial
peak pressure correlation is good the subsequent decay of the computed
vaveform is at a higher frequency. This was the best currelation obtained
uader the original contract. The value of‘hanger damping was varied and Pigure
61 presents the computed results at 45 and 125 lbs/in/sec. The 125 value significantly
slowed dowp the simulation and the 45 valué appears to be the optimum. Increasirg
the hang}.t damping in an attempt to obtain ‘good period correlation for the
turn-r.f transient leads to sn undesirable increase in the amplitudes of the
comyated data. This amplitude behavior necessitstes stopping short of the
va'.ue that nigfxt givev the best period correlation. '

Bttt e o fo Tttt 18 et o vitlil o —

PIGURE 60. OUTLET PRESSURE Wi_d HANGER DAMPING TERM AT 25
77-2 CIS TUBRN-OFF TRANSIENT TEST 3000 PSI 13C°F
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FIGURE 61, HANGER DAMPING TERM AT 45 AND 125 ?
77-2 CIS TURN-OFF TRANSIENT 130°F 4000 RFM :

A value of 45.0 lbslidlseé yieldéd the best correlation for the simulated
conditions. The pump outlet pressure £tom.a turn-on transient rﬁn at 77 CIS
and 130;F is shown in Figure 62. The hanger damping term was 45 lba/in/sec
for this run. In general the turn-off simulation required a slightly

larger hanger damping term than the turn-on case.

The pump model was then run at 38.5 CIS. A value of 70 1bs/in/sec
was used to obtain the correlation shown for thg pump outlet pressure in the
turn-on transient of Figure 63. However the same value for hanger damping did
not significantly improve the computer simulation of the 38 CIS turn-off
transient shown in Figure 64. ‘

Time has not allowed investigation to determine an algorithm for the
h&nger damping term for all the cases recorded in the laboratory. It is desirable
to develop‘a method that could be incorporated into HYTRAN to choose the best
turm based on system conditionms. Further work in this area is needed. '
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130°F 4000 RPM

The coefficient of pump leakage was varied for various turn-on and turn-off

transient runs. This term had very little effect oh‘ the simulations and appears

to be a good candidate for removal.

Varying the actuator displacement had an adverse effect on both turn-on
and turn-of £ transient simulations. The present maximum and minimum value
are optimum, ‘

3 to 48 1n3 (which is the correct

The case volume was changed from 250 in
value) with only a minor change in pump outlet pressure amplitudes.
Appendix D presents the revisions to the pump input data and the PUMP51

subrouvtine listing.
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b. Pump Model Verification for 3000 psi Transient Tests

Using the input data in Talle 8 for the system shown in Figure 59, a
turn-off transient at 77 CIS and 130°F was run. Figure 65 ghows the input
data boundary conditions for this simulation. The results of the simulation are
presented in Figures 66 through 69. The computed pump outlet pressure in Figure 66
compares well with the test data both in magnitude and phase. The computed
results are conservative after the initial transient response at approximately
50 milliseconds into the simulation. The computed peak actuator pressure in
Figure 671is 3300 psi while the measured value is cily 3000 psi, “about a 10
percent error), but the subsequent response is ve:jy good. The computed internal

case pressure matches the test data exceedingly we.i The case pressure trans-

ducer was located in the area of the compensator valvz. There is a 1/8" dia -
hole x 1 3/4" loné path between the transducer and the =ctual case. Statically,

the effect of the long orifice is to reduce the pressu-e. Dynamic effects

e ——

could result in peak pressure attenuation and misphasi '3 between the two internal
case prssures, however, this does not appear to be the -~ase. The hanger position
is plotted in Figure 69. The measured data cuts off at -.18 inches but the
computed value reaches -.24’1nches. There is a similar discrepancy for the
overshoot at 80 milliseconds in the simulation. The phasing between the measured
and computed position is adequate. The amplitude corr.*ation is relatively
poor, although the transient flow does settle .to the proper steady state value.
The computer printout data is the actuator position. The hanger acts
as a lever arm between the actuator énd the restoring spring where the‘measurement
of hanger ﬁosition was taken. The computer actuator velocity term 1s integrated
to obtain the resultant displacement. A simplified Euler integration is used.
Perhaps a more sophisticated technique would‘work better, but at the expense
or increased computation time and operating costs. Improving these results may
prove to be unattractive. )

The next computer simulation was for a turn-on transient run using the
same conditions as the previcus run with the ipput boundary conditions of
Figure 70, The computed pump outlet pressure in Figure 71 almost matches
the data trace. The computed actuator pressure (Figure 72 ) and internal case
presgure (Figure 73 ) also follow the measured data. The computed hanger
position in Figure?4 is about 0.12 inches below the measure data. The final

predicted value however is very closc to the test results.
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Turn-on asnd turn-off simulation were made st a steady state flow of 38.5 CIS.
The input data file for the turn-on tranéieAt i1s shown in Table 9 and the
boundary conditicns in figure 75. This computer output data for outlet pressure,
actuator pressure,case drain pressure‘and hanger position are shéun in Figure 76
through 79. I 1

This boundary couditions for the turn-off transient at 38.5 CIS and 130°F
is shown in Figure 80. The output data is presented in Figures 81, 82,
83, and 84.

The general cbmputed vs measured data correlation is better for the turn-on
transients. Both amplitude and period characteristics of the data fit much

better than for the turn-of f case. This 1is also true for the 77.0 C1S runs.
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. ¢, Pump Model Verification for 4400 psi Transient Tests

A HYTRAN gimulation was made of a turn-on transient from 17.25 CIS to
77.0 CIS at 99°F and 4400 psi pump outlet pressure. The input data is presented
in Ysble 10 and the boundary conditions are shown in Figure 85. The orifice
and valve opening were computed to obtain the correct starting and endimg flows.
The output gréphs of pump outlet flow, actuator pressure, internal case pressure.
and hanger position were ovetplotteﬁ vith test data as shown in Figures 86,

87, 88 and 89. The correlation of cdupdted outlet pteASure and actuator pressure
to test data is gocd at the higher pump operating pressure. The computed

_case pressure show a little instabilirvy bug follow the general wave shape of

the test data. The computed hanger position lags the measured data but it looks
quite good.

I The foput boundary conditions for the turn-off transient at the same test
conditions is in Figure 90. The results of the EYIRAN simulation are showr in
Figures 91 through 9. The initial pump outlet pressure prediction is good
but the rcmputed actuator preusures are high.

As with the 3000 psi data the correlation is better both in amplitude and
period for‘the turn-on transient case. The turn-off transient. generally requires
a larger hanger damping term than the turn-on case. But a value of 60 1bs/in/sec
was used in both simulations.’
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d. F-15 Punp Model Verification Using The Complete Test Stand Model

The enti‘e F-15 instrumented‘pump test stand was modeled with the HYTRAN
program. The HYTRAN block diagram of the test system is shown in Figure 95
The elements which make up the system are opilli into lires and components,
The lines are numbered sequentially and have upstream and downstream ends.
The components are also numbered in a separate sequence. Node numbers
are assigned to the foints at which the flow divides or combines under steady state
flow conditions and leg numbers are labeled between two nodes. The simulation
congisted of running the HYTRAN‘progtam under the same lab test conditions. The
first simulation was of a turn-on transient at 130°F and from 2-77 CIS steady
state flows. The reservoir test data in Pigure 96 was input as a boundary
condition. The results of the computer simulation are shown overplotted with
the test data in Figures 97, 98, 99 and 100, The plots of outlet pressure,
actuator pressure and hanger position correlate well with the test datz,
The computed internal case pressure in Figure 99 however does not match
the measured results. The calculated pressure values are about 60 psi higher
than the data, and the phasing between the twovis incorrect. With the external
case pressure as a boundary condition this misphasing did not occur.

“The nextisimulation was for a tufn—off transient at 130°F and 77.0 CIS.
The input reservoir pressure is shown in Figure 101. The computed outlet pressure
in Figure 102 {s able to predict the ma#imum amplitude of the first pressure spike
but this model undershoots on the subsequent response between 0.050 and 0.090 secondé
in the simulation. This undershonot also misphases the measured and computed results.
This undershoot characteristic did exist for the turn-off run with the inputted
case drain and suction pressures as boundary conditions, but it was not as prevalent.
Further work in the area of amplitude damping should correct the medeling discrepancy.
The actuator pressure a&nd hanger positions are overplotted with test data in Figures
103 and 104, The internal casze pressure plot in Figure 105 shows adequate phase
correlation but the amplitude predictians are off., ‘

The next attempt at total system simulation was not to use inpat data as boundary
conditions. This was dong to test tﬁe basic accuracy of the HYTRAN program without any

external forcing factors. ‘ -
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The turn-on transient was made with the test conditions of run number 94-~0(XX.

For the turn-on transient simulation, the load valve was sized to dtop 3000 psi

at 154.0 CIS. The reservoir pressure was 80 psia. A listing of the HYTRAN

input data for the turn-on simulation at 130"F is shown in Tabhle 1l1. Figures 106
and 107 show computed pressures at rwo ]oﬁations along the pump outlet line,
Corresponding test data has been overplotted for compa:isoh. The initial and final
steady state pressure levels are correct for the simulation.

For a tuin-on transient tae pump des’ cokes to supply the demanded flow. In
the HYTKAN simulation the pump model 1s able to adeguately do this. The snhsequenf
regponse to the operating steady state pressure however is slightly faster than
the measured data as shown in Figures 106 and 107 at 80 millisecouds into the
simulation. A lag could be programmed into the compensavor circuit to delay the
build-up in pressure but the benefits of such a fix may not be applicable far all
the test cases. Computed actuater pressure (Figure 108) shows good correlation when
cumnared to the test data. The computed pressures in the case drafn clrcuir
in Figures 109 and 110 fail to reach the actual peak pressures. Similarily the inlot
pressure plot ip Figure 111 shous a pesk prediction about 50 psi hipber than the

measured data,
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' ' TABLE 1i.

HYTRAN
130°F 3000 r:

000sSINCLE E=15 PM® TESY SYSTE»

FLUID 0aY¥as FOP

RIL=H=3406
viscosi
OFNSYYY
AR X N0
vaAPDUR

FIT-1P TANEN 4T LINT 18,VEL OF $OUND
FIa=Ub TAKEN AT LEME 1R, VEL OF SAUND
FIv=P TANFM &Y LIME _NoVFL OF SOUND

tine LFNGTa

1 3%2,.7%00
2 10.%000
3 1G. 9002
. 92.6300
s 75,0000
[ 33,9000
’ 28.000¢C
L 26,7000
* 33,5000
10 25,0000
11 2%.0000
j '2%,.1900
33 23,0000
1 2%.0000
1% ?%.0000
1e 2%.0000
17 25,0400
18 2%.95000
1% 8. 0000
20 40.%%0¢C
21 M, 0000
2 T™.1100
3] 4, 1250
T 4.0500
2% 4,9000
ze 24,0000
7 25,7008
t4 L0000
2 25,5200
20 o8, 4900

ENTERNSL
[ 213

Y
«8A40
X111
o88AC
«B840
1 8840
28R40
» 1840
21840
« 8940
Al
«B 140
LIRS
<8540
X 3411
+ 8900
85340
+5949
26045
JAREN
cARAL
FLLLY
Pe.3.11:]
RYLY)
PLL AL
+6940
Lt
28950
Y 1134
» 310

TME TRANSTENT RESRONSE IS $ROR Te0,0
wiTH QUTPUT POINTS SLOTTED AT INTERVALS OF ’ «00200 SECOMOS

M Te

AT 300G6.0 P16, ~ 30,0 PSIG AND 130.0 DEG F

LAd = JImbE-D)
- JA13F-04
AULHS - 2235408

«148E-01INGE2/SEC
«ROIE-JRILA-SECECZ)/INees
+28YEs06PST

ERESS,~  L200F401 AT 130.0 DFG F

™ oLiNe 23 IS
I LIME 24 IS
N LINE 25 18

Pilbaness
«05R0
+0%80
« 0280
<0520
«058)
+05%80
20580
«0%B0
L0380
$ G270
20280
0280
02RO
«Q280
20240
J0/R0

Q780
Q270

SO0
0580
.0%%0
10920
J059¢
2200
N L]
3200
w2t0
G280
080
+02%0

98.4PFR CENT IN ErpOR
SO,6PER CENT IN FRSOR
59.6PEP CENT IN ERRON

Ey e
«3008+08 - 100726
» 3008408 ' 39,5000
+300¢ 008 10,9000
+ 3000008 10,1260
«300%er3 13,0000
+300E+08 11,0000
+IV0Fe08 13,0300
«300¢+08 13,0000
+300€s0K 11,1887
« 300400 12.%000
+300F 20N 12,5090
«JO0EsOR 12,9930
«300F 00 12.%5000
s 360F 00 12.%009
«JOEOR 12,9000
* IPCEL0Y 12,9000
2 JO0TE 08 12.%900
2 300F40F 12.3000
+3ODESO8 12,3020
+ 3005408 10.,042%
3005308 13,0000
«INDEIOR 11,1514
JI0CFIDR s, 1240
AADOE SR 4,000
J300Es08 &, 0700
Py 13 R0 17.%000
«I00F 208 12,9090
cJO0t0e 17,3200
«J00E 08 12.%000
+300€ 400 10, "enk
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INPUT DATA 154. CIS TURN-ON TRANSIENT
LINE DATA

TUPN-OR TRANSEIENT(QA-06s7X)000se

+200 SECOMDS AT TINE INTERVALS OF OELTe ,00020

1] 10.0 DEG £ STEPS

fEEE T YT

[Y3L3¢)
0.361%
29,8624
6,569
4.9819%
65610
[ T313 5]
6,9619
6,538519
10,3544
10,3580
10,3348
10.3%44
10,3%44
10.54%4%
10,3538

18,3346
10,3744

10,3544
s,951%
8.961%
B.561 %
“+581%

29,9824
[ 138 ]
12.31%0¢%
10,3544
10.3%4
10,1854
S.arRy

a1yt ¥

49351.4938
49851,45%0
4¥enl, 3748
[LIEIPTLE L
[LITSPEEL
4953k .8%32
49531,4309
49531,4538
499951,4%38
48193, 7367
“NE93, 7387
A81%3, 7367
AR193. 7167
ARin3, TIRY
49133, 7387
42103,7387
aRIeY, PIAT

L ARLTILTIATY

8197, 7387
£935%,49%¢
895%31,.4%18
4eHRI, 4538
20425, 00090
F IR ]
FOBOG, OO0
42193, 7287
AEIOT TRHY
A2322,7387
ARYB3, THAT
$6137.3294
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TABLE 11. (CONTINUED) HYTRAN INPUT DATA TURN-UN TRANSIENT

coare, 1 MeTEEEP
PE L DATA CARD ' ® 1
REAL CaTa Cacp 0 2
PFaL DaTa Caep v 3
PEAL DATL Caep @ L1
Canpe, ? INTECER
[4:01 4D 3 OINTEGFW
BEAL OatA Caen @ 1
PEAL DATA CAID 4
BEAL DATA Caon @ 3
conee, & INTFGFR
#EAL DATE Caon 8 1
Cnse, 4 terroee
conee, 6 INTFGFO
FEAL DATR Ca3D 8 1
PERL DATA CAID B 2
®FEAL DAY Cs%D @ 3
enree, 7 lwtgcrl'
¥FAL DATS CaID @ 1
(41 2 TY A OINIFGFR
toure, O INTFEFR
conre, 10 JT4MTFGCFR
cnuee, o iMTegrR
tonpe, 1> tNreGEe
Chves, Iy INTEGER
PFAL DATa Caen ¢ 1
Comese, T4 INTFGEw
WEAL DATA CAZN # 1
cnmey, 1% IRTRUER
PFAL DATA Cagn o 1
CCwse, 1A IwYsgeR
85 4T DATA Caon o 1
o~ 29, 17 INTEGFR
{Neoe, tL] I;VFQII
Camre, 1¢  uregse
v, 20 tHicgsa
Fisde, . 11 14§62
Prat Oata fazn 0 1
Lanr e, 2?2 IRTECHwW
PERL DAY fa€Y 8 1
enase, 73 INTFGER
fmes, EL) MTFrER
AN S L ENN L AR X i

Nata 1
JIRTOESON
+3070F¢00
«V00nF 01
+2000F¢01

DaTA 2

DATA 3
«22008-01

2.
3.

DATA 4
JABKOFCO

DATA $

paTx 3
s1000Fe01]

21
q.

nats 7
;IOOO!OCE

DATA e

natTs 9

Darta 10

Gata 11

naTA 12

Gata 13
XTELIZI

naTs 14
AIPRESOL

nata 1%
sSCPREND])

DATs e
AHOZRESCY

DAt& 17

Dsta 14

Data 19

bITNY 20

OAta 21
4 BT 1

Uhfa b4
JRODOFELY

DATA EE)

AER

COMPONENT DATA

51 & 22
L2009 404
+4000F 403
+7500F +00
+4000E +08

M0 1

oy 2
1820037 900
+2€00F =01

6.,

st 1 28
45007 000

nmoos s

2 TR R S
«A500F 400
1RO5F-01

n,

i1 s

+LOO0E*0S

1 > "
it 3 3
e [T
t o n
1 o 1
Ay t 12
NYFLIIY ]
L] P29
NUELI XL
21 [ 2
W4024¢ 901
L] [ S L)
.40245 401
1’ (] I
tt o 17
11 2 s
e 2?0

L3 1 3
«H502F 400
L3 1 -2t

0.
11 2 21
ER ) 8 10

-t =30
+ 1500E 490
10C0F 407
~47000F 400
»3600E-9)
-2 -
-2? 0
o,
«2800E-01
«1270E¢01
-4 [
0o .
- -8
-8 [}
9.
+2000F=01
0.
-7 ‘o
JT621F=01
b -9
-1t -10
~29 -2
27 =13
10 29
-1 [
BEITTRY.
~20 0
«1855E400
“26 [
JAASSEA0C
.17 0
BEISTRYY
s =~1%
26 ~1a
13 .20
21 ~22
-74 0
o,
3 [
0.
-y ze
-19

¢ o o @ o
+2300E¢00 0.
+1300F403  ,47005:03
£50005-02 421006401
«3000E~G1 0.

(] [ ¢ ° [
] [ [ ¢ o
0. e
«2000£400 Q.
212770E¢01 0.

0 [ ¢ [ [
e O 1Y

] ° 0 [} 0
[ ¢ o [ [
0. G

+PO00F 400 ' D,
0. °-

° o ° [ 0
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[ [ ° 0 [
o o [ .} L]
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] ° o o 5
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[ [ ° [ °
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° 0 0 [ 0
4050602 O,

¢ [ 0 o o
0 o o i) [
6 0 [ ° ¢
0 ° 0 [ o
0 0 0 [ [
o 0.

0 0 [ o 2
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o [ [ [ ©
) [ 3 3
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HYTRAN INPUT DATA TURN-ON TRANSTENT

STEADY STATE INPUT DATA

(CONTINUEL)

TABLE il.
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A turn-off transient with an infitial pump outlet flow of 154 CIS was simulated.

The pump outlet pressure measured at the P3 transducer location in Figure '95 1s shown
overpletted on the computer results in Figure 112, Tlie transient valve on the simulatinn
closed about 4 milliseconds too late, but the predicted beak pressure after turn-off

is close to the measured value. The’resultant phasing between the measured and computed
data 18 incorrect. Several changes were made to the HYTRAN input data to try and correct
the simulation. Altering the hanger damping term did not significantly improve the
results. The test data in Figure 112 fndicates that the pump tesponse was damped. The
pressure/flow energy was either absorbed by the pump to strcke the hanger to a low flow
condition or the system had some unknown operaiing characteristics.

The trénsient valve used in the test was pressure opened and spring closed. Looking
at the trace of valve position versus time it appeared that the poppet did bource on '
closure. An attempt was made to try and simulate the poppet bounce. The HYTRAN
recults are shown in Figures 113, 114, 115 and 116. The comnruted pump outlét pressure in
¥igure 113 shows excellent correlation foo the first 60 milliseconds of the simulation.
Aghin the predicted pump undershoot does not correspond to the data. The transient
valve does appear to cause the discrepancy. Unfortunately, on the transient valve,
only the closed or open pesitions provide an accurate reading for the poppet
location. The instrumentation wes nct able to measure intermediate poppet
locations. However, the guessed poppet bounce characteristic 3id improve
the sjwsulation. The undershoot cha;acteristics may be attributable to the pump
sodel. '
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4, P15 INSTRUMENTED PUMP STEADY STATE TESTING

Steady state runs with MIL~H—5666B fluid were made of drive torque
v8. drive speed, contr61 (actuator) pPressure vs. drive gpeed, and cage
drain pressure (internal and external) vs. case drain flow. The steady
state test .onditions afe listed in Table 12. Testing was performed
on the transient test bench (Figure 41.).
The drive torque vs. drive &peed plots in Pigures 117 thru 120 vere uged
to compute the pump power losz (heat rejectior). The ideal power was

calculated as
(PSI*CIS)
IDFAL

Power = (Poutlet . Pinlet) * Qoutlet

The torque is

- ' *
Torque (in-lbs) = PowerIDEAL (Psi * CI3)
RPM % 24/60

. . ‘ TABLE }2
F-15 INSTRUMENTED PuMPp STEADY STATE TESTING - 3000 ps1

‘ ' RESERVOTR
. M GuTLYY MMP INLET PRESSIRE COMPENSATOR SRYTING
o ¥ TEST CCaviTION oW (CT8) TEHP (*F) {rsic) PsIg)
s L A e e e ;‘M'MM::;T:::‘MMMM'MMWMM-:;’?;‘:
1 T va DS 2000 *S500 TINOO R suw P .7 9241064114 52 patg Joég
2 BT »& 05 (000 S6° 1600 Rp SYEEP v.0 99 105 115 48-52 kg
b 0T va DS FOOO | SO0D ICA /M NERp 2.7 20% 204 213 8.3 ' Izan
4 BT ve DS 109G 5000 1000 K gympp 0.0 208 200 263 &7 e
& PCovs DS 107G 3000 mpw SWEEP 0.0 102 108 0 3060
[ PCve 0S 1007 5000 1000 ReW swER~ 77.0 96 93 94 Y 3040
7 PC ve DS 100D 5000 foap R suryy 0.0 9% 107 118 50 3040
] int. . Ocd # 4200 pow 9.7 103 s 3040
4 % %4 107 n 3Cha
{4 . 9.2 99 51 33460
1 ttowa Gl ©Gnn arw 1.5 106 s 364Q
12 Pod fnt. and Bod gy, 9.2 $7 . s e
13 Pod e, mnd ¥og mp 1.5 103 5t kot
14 ¥ ot snd Ped LELN 77 97 31 304G
13 Ped tat . and pog L=t 7.7 100 48 D
18 Ped Lot and Pod gur . Lo 94 50 ' 3047
2 Mod iee, aud £4 LT 77 204 32 xea
18 Ped Int, asd Ped ogyr, wg 1.7 193 : 30 g
19 Ped ot and pod amo i.o 198 &9 IR
26 Pod tax, end i.0 ' 202 48 ' el
2§ !":-d fnt, anf; 1.7 291 53 i
4. ed Iwt. snd fod 7.7 w 5.5 %44
23 Ped fnr, sad 1.0 112 0.5 232@
24 Fed 31, wod Rod wyp . 7 200 3.0 Qg2
23 Ped int, and ped cEL. wa, Qod A 4000 ppw 1.g 1er 56, %40
o4
AU
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The power loss is the difference between the ideal and measured values.
The results are plotted in Figure 121. The heat rejection characteristics
were gimilar to the original pump data. (3.8 HP € &4560rpm,200°F,0 O CIS
outlet flow) ‘

Figures 122, 123 end 124 show plots of pump antuator pressure versus
drive RPM. The pressure spike at 1620 RPM in all three plots corresponds
to a mechanical resonant éondition of the compensator spool.

_ Plots of case drain pressure vs case flow were made for the conditions
in Table 12.
The steadvy state pump tests sti11 show an instability in the case

Some of the steady state plots are shown in Figures 125 thru 130,

drain pressure vs flow graphs at the low pump outlet flows. The instability

occurs transiéntly as the flow control vaiue in the cace drain iine is adjusted.

Anyllooping effect results from the inability of the plotting device to adequately

respond to the pressure signal. The origin of this anomaly in the pump is not known.
The 3C00 psi steady state tests indicate a.slight increase in the case drain

flow from the previous testing. The increase may be attributable to the lack of a

leakage path provided by the "wiped" port plate on the original pump.

FICURE 121.
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SECTION 1V

VANE PUMP MODEL DEVELOPMENT AND VERIFICATION

Models of a variable volume vane pump were developed for the frequency
(HSFR) aml transient (HYTRAN) computer programs. The main fuel pump on the F-100
turbojet engine consists of a variable volume vane stage and a centrifugal boost
stage. The pump was designed by Chandler Evans Inc., Controls Systems Division
(CECO). A specislly instrumented vane stage unit was supplied by CECO for
computer model test verificétion. The bédst stage was replaced with a plate
which contained inlet and lubrication supply ports. The pump was tested

'with (MIL-K-56063) hydraulic oil in order to make use of the existing

verification test and test data processing facility at MCAIR. MIL-H-5606B
is slightly more dense and viscous than the normal pump fluid media, JP-4
engine fuel. ' '
1 . VANE PUMP HSFR MODEL DEVELOPMENT AND VERIFICATION

a. HSFR Model

A frequency domain model of the vane pump was developed for use with
the HSFR program. The model is similar to the existing piston pump
model contained in References 2 and 3 HSFR program user
and teéhnical description manuals. User and technical desciiption
manual materiél for the vane pump model are contained in Appendix E.

b. HSFR Verification Test Set-Up and Procedure

Figure 141 isa schematic of the test set-up used for measurement of

vane pump pressure pulsatiuns. The test circuit plumbing size and
.length simulated the actual installation on the F-100 engine for the

pump to metering valve flow ard semsing lines. The throttle operated

main fuel metéring valve is an integral part of the engiue unified
controller unit. A ball valve was used to simulate the metering function.
The pump control varies outlat flow to maintain a 60 psi drop across

the wetering valve. Downstvezm valves were used to create circuit

back pressures (300-900 psig) similar to that of the actual sysiem.
Reservoir (F-4 hydraulic) bootstrap preséure was {ndependently controllable
80 that pump suction prevsure could be varied. The vane stage pump inlet
pressure was raintained at the maximum reservoir capability (53-64 psig)
during sll tests éxcepﬁ for runs made at 35 -42 pelg. Vane stage inlet

pressure irom the boozt stage is normally about 120 peig.
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The vane pump was driven by a direct drive 200 hp AC electric motor
vith variable frequency speed control up to 7000 rpm. A 5/1 speed incfeaser
loaned to MCAIR by CECO provided the proper drive interface to the vane pump
whose rated speed is 15,000 rpm.

Pump pulsations were mapped in the cutlet and upstream control lines

with & roving Kistler transducer. Pump outlet maximum flcv rates were set

s

LA ' at 8, 20, and 30 gpm to vary the internal timing of the pump outlet flow
porting. Pressure pulsation amplitudes were recorded for total and harmonic
responses as the pump speed was swept from 5000 to 15000 rpm. The pump
remained on full stroke until a speed was achieved where puip capacity exceeded

the metering valve flow setting. Tw> levels of air content (2% and 177)

were testad to check the effect of dissolved air on pump outlet pulsations.

c. Test Run Summary

@ e o AR K A 7 AP o e S R

Table 14 presents a summary of test runs and test conditions sor the
vane pump frequency tests. Pump inlet oil temperatures were from 115° i
i ‘ to 135°F during all tests. :

d. Tést Results and Discussion

Pttt s e e e e

Typical test results are presented herein. Test data for all runs are

s n Y

on file at MCAIR. Figure 142 compares toral pressures at the pump outlet
port (P1) for maximum outlet flows of 8, 20, and 30 gpm. Pulsations in-

crease in amplitude with decreasing flow. This is as expected since the pump

is apparently timed for minimum pulsations atAhigher flow rates. This accounts
for the ch#tacteristic of increasing pulsation amplitudes as speed increases

at a constant outlet flow rate. Total pulsations at the outlet port reach

a maximum of 210 psi peak-~peak (p-p) at 14,000-14,500 rpm. Figures 143, 144
and 145 show harmonic analysis of the outlet port pressure pulsations (P1)

at 8 gpm. -The fundamental pumping frequency (Figure 143 contains mcst of

the pulsation énergy, t.e. 98 psi peak or 196 psi p-p at 14,000 rpm. Thé
fundamental pumping frequency is 4000 hz at 15000 rpm. Second and third
harmonfic pulsations (Figures 144 and 145) exhibit very low amplitudes,

A s

<20 psi p-p.
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Roving transducer data For total pulsations in the outlet lina2 near the
metering valve are shown in Figures 146, 147 and 148. Fundamental responses
at these positions are showu in Figures 149 through 15f. These alsc show the geueral
trend of increasing pulsaticn amplitudes with increasing speed. Standing
waves of tne fundartental frejquency pﬁlsations for thfee system rescnant pump
speeds (11,300, 17,300, wnd 15,000 rpm) are shown in Figures 157, 158 and 159.
These sianding wav:s exist ia the main line between thz pump and metering

valve, and are the rewull of acoustic energy reflected by the tetering valve.
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Typical total,bressute pulsations near the pump in the upstreanm
control line are shown in Figure 160.for toth fixed (P2) and roving
transducers (S1,52). Standing waves in the sensing line for the
fundamental pulsations at 11,300 rpm and 15,000 rpm are shown in Figures 161.
and 162, Total pulsatfons of up to 1000 psi p-p -zere recérded fn the .
upstream sensing line. This 4s & small (1/4 OD), dead-ended line er-ocsed
to 8 strong acoustic source at the main fuel line. Such a line exhibits
a 1/4 wavelength resonant frequency. Pulsating flow in the large main line
(3/4 0.n.) is capable of generating very large pressure amplitudes in the
small sensing line. Continuvous oump operétton at a‘resonaht speed could cause
adverse effects in the pump with such high pressure pulsations in the
sensing line. The pulsation frequency 1a probahly far sbove the ceatta} valve
spring/mass natural frequency, therefore the valve does not respond to the
high amplitude pulsationa. However, early fatigue follure could fésult to
parts exposed to the pump sensing port pressure pulsationa.
, Figure 163 shows tota) and furxlamentsl esse inlel gressuve pulsestions
‘ for an 8 gpm flow rate. Total c&ue'préaﬁmrﬁ pulsarions resched & monizum
g of 130 pai p-p. Case pulaations are the reselt of vare {nlet pert timing and
: the test eet-up inler system. Case pulsations in the cemplete momp unit are
also iafluenced by the output of the boost stage low flow fwpeller.
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Figure 164 ghows outlet (P1A) and upstream control port (P2A) pressure
pulsations for a 17% dissolved air content at an 8 gpm flow ratea. Inlet
pressure was 62 paig. Outlet pulsations are slightly less thar with IX air
and a 43 psig inlet pressure (Figure 147), Control line pulsations are slightly
higher than with 2% air and the same inlet pressure (Figure 160}, These
1imited tests suggest that the vane stage is not unduly sensitive tc normal
jevels of diesolved air in the pumpiag fluid. Normal inlet pressure to the vaue
stage is boosted to about 120 psig, which makes the pump even less szensitive

to air content. The tests were run at inlet pressures of 63 psig or less.
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FIGURE 164,

iUIAL PRESSURE PULSATIONS - 8 GPM, 177 AIR,
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An HSFR computer sinulation was made baing the test conditions of run number

97~3A. The vane pump outlet flow was 30 gpm. The simulated test system included the
components shown in Figure 141 from the vame pump to the load valve, including the
high and low pressure sense lines terminating in the pump. A one cubic inch volume
was assumed at these end points. The HSFR input data defining the system is listed
in Table 15. | |
FPigure 165 shows the computed fundamental peak pressure at the pump outlet Qnd
the measured fundamental response. ‘%he test data 1s quiet showing no major resonant
frequenciles through the rpm sweep. The system frequencies are close together because
of the effects of long Lines 1n the system. The load valve in the circuit did not
provide a strors reflectfon pnint, so the measured data probably reflects system
line resonant responses down ¢. the reservoir. The HSFR circuit termination was
the load valve aﬂd the lack of frequency correlation may be attributable to this.
The comparisoa between the measured and computed fundamental responses and also shown
at the load valve in Figure 166. o
The control lines braaching to the vane pump servo valve had well defined
boundary conditions. Figure 167 compares the m2asured fundamental peak and total
pressure pulsations with the HBSFR predicted results at the high pressure sense line
inlet. The program was able to predict the stong rescnance points at 7800 and 10,100,
although the computed higher pulnt at 12;500 rpm wés approximately 300 rpm in error
from the data. The uweasured and predicted response for the low pressure sense line
at the puvmp is shown in Figure 168. The program computed five major reconant peaks
compared to the measured four. Amplitude correlation for all the plots is poor.
This has been the general pattern for the HSFR runs, The vane pump model
operation is very similar to the piston pump mcdel, Therefore, this type of

characteristic was not unexpected.
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2., VANE PUMP HYTRAN MODEL DEVELOPMENT AND VERIFICATION

a. HBYTRAN Model _

A transient model of the vane pump was developed for use with the HYTRAN
Program., Specific design parameters such as servovalve flow area versus stroke,
"the relation between cam location and maximum pump flow, and the servo piston
loading were provided by CECO and used in che HYTRAN model. User and
technical description manual sections for the transient vane pump model are
contained in Appendix E.

b. HYTRAN Verification '}’ests and Test Set-up

The transieﬁt tegting on the CECO vane pump‘ was performed on the system
illustrated in Figure 169. The transient test set-up is a close approximation
of the fuel aystem installed on the F-100 engine. Extra lines were added
upstream and downstream of the flow valve to provide at least one calculation

interval for the HYTRAN program at the sampled data rate.

44.13in, 25.75 in.~}=—24 5 in. 205 in.—=-}
(—~——° ’ ' , — 5.75 in. ,

265 in. \ P T ey ave P5

. ) Flow

l 34 in. Valve

42in. ' 115 in.

Heat Backpress [ gad

Valve Vaive l:

1 18in.
Valve ‘ e »
. Bunasg Vatve

]

i Out HzOIn

]

§

“% P rR-1ENe-?
H FIGURE 162

CECD VANE pURP
Steady State and Transiant Regpanse Tert Set-Up Schematic
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Table 16 contains a listing of the gystem and pump parameters recorded
during the transient testing. Figure 170 is a schematié showing the pump
instrumentation and Figure 171 is a schematic cross section of the vane stage

pump. A photograph of the instrumented pump, speed increaser, and drive is
shown in Figure 172,

. EXTERNAL

INTERNAL

TABLE 16

CECO PUMP MODEL VERIFICATION TESTS

INSTRUMENTATION REQUIREMENTS

CONTROL VALVE PRESSURE (P4)

S7STEM RETURN PRESSURE (P5, P7)

' SUCTION PRESSURE (P6) '

RETURN FLOW (Q1)

TRANSIENT CONTROL VALVE POSITION (XCV)
PUMP OUTLET PRESSURE (P1)

PUMP INLET PRESSURE (P8)

SERVOVALVE CONTROL PRESSURE HIGH SIDE (P2)
SERVOVALVE CONTROL PRESSURE LOW SIDE (P3)

SERVOVALVE CONTROL DIFFERENTIAL PRESSURE (P2-P3)

SERVO PISTON PRESSURE (LARGE ARTA, INCREASE FLOW SIDE) (PCl)

SERVO PISTON PRESSURE (SMALL ARFA, DECREASE FLOW SIDE) (PC2)

SERVOVALVE POSITION (XCV)
BALANCE PISTON POSITION TOP (XBPl)
BALANCE PISTON POSITION BOTTOM (XBP2)

SERVO PISTOR POSITION (XP)
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FIGURE 170. CECO MFP INSTRUMENTATION SCHEMATIC
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FIGURE 172
CECO VANE PUMP
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The transient flow control valve was a ball type hand valve located
next to the P4 transducer in Figure 169. To obtain the desired transient
flow changes in 20 and 40 milliseconds, the valve was powarea by a hydranlic
actuator attached to the valve lever arm. Figure 173 shows the control
set-up for the transient flow valve. Flow rates at valve open and closed
positions werevregulated by adding spacers on the rod end of the actuator.
The actuator was driven by an independent power supply. The accumulator was
charged by system pressure then isolated from the system piior to the transient.

An electrical signal to the servo valve provided the command to stroke the

actuator.

RS

QP7e. 089%-2

FIGURE 123
CONTROL SET UP FOR METERING VALVE
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Transient tests in the lab were run to establ/sh load level, loading rate, speed,

temperature and inlet cavitation effects on the vane pump. Table 17 lists the tests
that were made with the vane pump test set-up. When running the transient test steps

were taken to assure that the pumps internal relief valve did not cpen. Also

since the pump internal portirg was ti~] for high flow conditions, the
dwell time at low flow was minimized. - P

TAXLE 17
| CECO PUMP MODEL
YRANSIENT VEKIFICATION TESTS

Steady State Flow L. Valve Operating Pump :Z:;d
Rates (GPM) . Time (Ser) ' ipeed (°F) Reservoir Run

Hi Lo On off (RPM) +10°F  Pressure (¢316)  Number
1. LOAD_LEVEL EFFECTS _ 97-108Xx
35 8 .020 070 15000 120 55 9T-114XX
20 8 .020 [000 15000 120 56 97-124Xx
2. LOADING RATE EFFECTS ‘
35 8 .0bos 0k0 15000 129 5 971 301K .
3. SVEED EFFECTS
35 8 .020 .020 11500 120 55 9T-1kexX
35 8 .020 070 13500 120 55 9T~1548K
h. TEMPERATURE FFFECTS
3B . 8 .920 .00 15000 210 - LT-164XX
5. INLET CAVITATION ‘ '
15 8 020 000 - 15000 120 n 9T-174XX
35 8 020 .00 15000 120 ny 97184

MITES: 1. XX denctes turn-on and turn-off trensients

2. 9T-108XX zame ar run 97-11 excent with <700 psi back pres-yre
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c. HYTRAN Simulation and Discussion

Test results for turn-on and turn-off transient runs were compared to the
HYTRAN vane pump model. A computer simulation of the vane pump system
was made with the IYTRAN program. The HYTRAN block diagram of the test
system is shown in Figure174. The elements which make dp the system
are divided into components and lines. The lines are numbete& sequentially
and have upstream and downstream ends. The components are also nunbered
in a separate sequence. Mode numbers are asskgned to the points at
which the flow divides or combines under steady state flow conditious
and leé numbers are labeled between two nodes. The simulation consisted
of funning the HYTRAN program under lub test coniiticns. Initially,
measured test data was used as boundary conditions in the simulation.
The test data was too noisy and better results were achieved by modeling
the entire tést system. A turn-on transient was made with the test
conditions similar to run number 97-13+XX. The turn-off trénsient was

made with test conditions similar to run number 97-13-XX.
During the turn-on transient, flow through the metering valve was set

_at 30 CIS.' Flow rate was initialized in the steady state portion of the
program. Flow ws then increased tc 130 CIS by opening the flowv control
valve in approximately 40 milliseconds. The HYTRAN input data fuor the turn-on
transient is listed im Table 18, The‘results of the computer simulation are
presented in Figures 175 through 185,

The computed versus measured pump outlet pressure is plotted in T“{gure 175.
Figures 176 and 177 show thé comparison of the contreol preszures on the high
and low side of the pumps internal servo valve. The pressure upstream of the
transient flow valve is plotted in Figure‘178, and Filgure 179 s the pressﬁre
34.0 inches along line number 7. The computed pressure daté in these graphs
indicate good transient correlation with the measured results. It appears
that the final computed steady state pressure level is about 50 psi lower
than the data even though Figﬁre 180 indicates that the steady state flows

are correct.
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The computed wetering head grescure differentiail in Figure 181’coftesponds

well to the measured

in subtracting the two contioal signals (PZ and P3).

dava,

The data noise results from irstrumentation error

The servo valve dis-

placement 1nyFigure 182 and the orctuator positicn in Figure 183 correlate very

well to tes. aa‘ta.

However, the slight delay in moving the servo wvalve

back to the null position results in the computation of erronecus actuator

pressures (Figures 184 and 185).
taken into account {n this model.

transient operating conditions is not well defined.

Actuator friction and stiction are not

Also the Joading on the actuators under

These areas of the model

can be improved with more thorough test data than the set-up in the hydraulics

1ab was to obtain.

Plots bf the turn-off trarsient simulation at the same test coaditions

are shown in Figures

186 through 198.

Again the slight delay in the computed

serve valve position in Figure 195 causes the actuator pressures to be in~

correct, although there is better correlatinn than for the turn-on case. The

addition of an accurate pressure dependent load curve on the actuator would

probably improve this simulatfon.

149

i N S5 M T

i st kB e e




B T T uippe—

PR

00,0000

08,0040

PP COMPMITED PRESSURE
© wmee DATA RUN NG, 17-19-Pt

200.90% ’ .
PPPPRPVIY PPPPPOPPPEPPPPPPPPPPIPFIIPPY PEPRRPPPIPPPPYIP
.4000 ' .
6620 o200 . 400 . (Y] Pl 1.
s:&zguaiuuzlsazrsooaSEL‘,!:i_Hg.ugnﬁg:’l OIS TanCE D? . 0,00 INCNES 2L.0uG LINE WURBER ?o
'FTGURE '186. OUTLET PRESSURE 35-8 GPM TURN-OFF TRANSIENT
120°F 15,000 RPM ‘
1000, 0000 * 3 o Y
000,085
. 0000

P COMPUTLD MRESSURE
aween OATA RUMNO. ¥7-13- P2

60,0008 ",
(44 ddadd] EERPPPRARPIPEPS (hdddadd
2.8280 * e mmrmannbe. .
e85 -3 30 83) g
£ELwy sagssume” Th3ta) ve, Tras gsicllene s &
totsdeca’vane Biar hooei + vr-gﬁ-“...ﬂ?"‘i?gg?”l orsramce of ;7 3e.00 IncHrs altnd ¢ rue wuwage

L +GURE 187. CONTROL PRESSURE 35-8 GPM TURN-OFF TPANSIENT
120°r 15,000 RPM

150

PR AP

- : A oo
R - P

1080'

s

AR e




B SR

o .e000

40,0000

300,9000

203.0000

100.9660

P COMPUTED PRESSURE
e DATA RUNNQ. *7-/3 P3

L{ 4
EPROREDRRPRPSR P POPPRPP e Addddadddd ] 15

..om

. 1.
! i L1111
i:ucscn ol 3“2‘»03{‘!‘h'{s-!}!!—ii‘ﬁ;éf' A orstanes o837 az.00 INCHFS Fiesd LINE NUNBE 00

CONTROL PRESSURE 35-8 GPM TURI‘II—OFF TRANSIENT

FIGCURE 188.
120°F 15,000 RPM
1000 002 o . . ‘
630,000 . .
406,0008
. .
SPPPPAPIPPY »
68,8300 » '
WP COMPUTED PRESSURE
—  DATARUNNO. 91-/3-P4¢
L »p
200,600 n'”a :
IIPP!' 13 [ 14 ras POPPRENEPPRPEPIRREL A
de¥¥e0 frean £ o e s 4 e
(31 i 1.000
% . ¥ ?ntn v; Tt ¢ sfcy Lhoe, 8 ersteecs w0 av00 tockes alEES Line mumage s
SHLEECN ghut $ie - Poxnesen :;h

FIGURE 189. CONTROL PRESSURE 35-8 GPM TURN-OFF TRANSIENT

126°%

15,000 RPFM

151

;




e
e
e R e e OGS T T e e TR W b Ml
%u.0000
82,0000
(24
WO.C060 '
80,0000
[ 4
PP COMPUTED PRESSURE
—~  DATARUNNO, $7-3~p§
100.0000 POPPPPIPIP
PRCPRPOBPRPPPPPPIPPERRPRPRRPEOPPREPPPPPPPPIOPRPRIOPPRPS 4 dAdddd
9.9000, v

S¢ +200 - 2800
A5 40 aniRESSURE” (PSTa) vs. TIME (séc
OSeCECT vANE PURP RODEL ~ 97-13-xresseiosyi

- g932 ' .
gz & nsTance a#*)7 3e.00 tuewes afBuE Line wamees  1PO°

FIGURE 190. SYSTEM RETURN PRESSURE ‘35—8 GPM TURN-OFF TRANSIENT

120°F 15,000 RPM
§81.00% * e .
183.c000
{ 609003030002000
120,0080
[ I
GO0  COMPUTED FLOW
. see ABTOCUTE YALUE OF Q
: ———— DATARUNNG. T7-12-G1
43,4800 . '
s0g0a0 e T TITENT TR T Y SR O
9900900630
1.0500 m— v . . .
EY 29 1.000
SEBibw s erow cewtidsrey s, rime 028%0 ron 0 mravace BB 3e.00 wuewer oUFRR cong womees  F
"0°€£ca VANE Pier ABBEE - OF-E¥-EYeree (RSYSIFE)

FIGURE 191. RETURN FLOW 35-8 GPM TUBN-QFY TRANSIENT

120°F

W E

ety

15,000 RPM

152

ST

P




evr— " -
e e s . o
!
09,00 *
’
99,0008
] :
’
”n.0000 %
i
Tr o000
73,6000 o P COMPUTED PRESIURE
.’ w—— QATARUNNO. 97-13-P7
) Sk
29,8000 . * *
TRt 1y pet °?s\u IR *g? 08 & AISTANCE 03*2? 13,00 twcwes of08E Line womeen  3%Y E
COsOCECT VANE & NISEU T AL RS vi0FFy :
FIGURE 1'.92. SYSTEM RETURN PRESSURE 35-8 GPM TURN-OFF TRANSIENT :
120°F 15,000 RPM
259.,0080 ¢ .
16¢.¢00¢ + ’
03.¢000
90,0083
i
10,0000 t §
;
e P
- DATAAUNND 47-13P1 ! !
i {
o0.c0m ~ T wmnsmmn gy — e :
i‘":!ca vmt‘rﬂ:"ﬁuggf"'"-l;-..591:?;;'3!;3""" v v, HA2 (sec, l. v vatliSee 15 o Y.fo0
FIGURE 193, INLET PRESSURE 35-8 GPM TURN-OFF TRANSIENT :
; 120°F 15,000 RPM
153 i
{
3

e rarg st




306,8000

€2.8000

CCC COMPUTED PRESSURE

= DATA RUN NO. 7-/3- Px (PZ - F3)

.

+«2C0 «202 2880

GRAPH ARTAR RER * [

S ueB vanl P JAR RoB 0" " op - 2 SOLI T R LT

FIGURE 194, DIFFERENTIAL PRESSURE 35-8 CPM TURN-OFF TRANSIENT
120°F 15,000 RPM

1,909

«¥360 ¢ . 3
oo
(<49

fececanstaccerce, ‘ Cee €RECLELALLLECCLT] geeeeeneeeee
-s0100
-.0308

(3
-eLeeceetestet

, ccs COMPUTED
- 0308 = DATARUKNO. 17 -j3-XC
“e0TBO P rmrumbanbon can e am o Naeb wemm e m——— N

s 219 Y 500 £

8r5i%, 3o AR Fa0LE Nmasn 1,0 »umaig»? S 1 14 RN N L L

SONATELD AuNE PUMD RODEL ~ O7-Tawaxbersiniviorfy

FIGURE 195, SERVGYALVE POSITION 35-8 GPM TURN~OFF TRANSIENT
120°f 15,000 C™M

. 154

© ey L T e o e

i
g
:

]



«5003

«408C

ceee

(4
({4<444

CCCCtttcttttcctCCétCCtCtCCtCCtCCCC:‘CCCCCCtC(CtCtC

. COMPUTED
— BITARUNNO. 97-/2-XP
«1008
~e8200 -
Kk Eg' :cﬁ'nn!"ﬂ"‘-'m"?f’5'w-f:‘-’ﬁxﬁ'.':?oi'v’!u?!“f' 2 ve, VA2 (secar. tee vadlasie 13 e 1.000
FIGURE 196. SERVO PISTON POSITION 35-8 GPM TURN-OFF TRANSIE&T
‘ 120°F 15,000 RPM
300.0000 ¢ .
480,000
30.c000 3
Pwes
‘CCCCCCCCCCCt
263,008 ¢ € ¢ CCC  COMPUTED PRESSURE
¢ === DATARUNNO 47-13-PY{PCI)
¢ b2
ce ‘ v, |
196, ¢ 000 = Tece o Newh W‘%}%@ﬁm
ceceecceceeceteeeeerecee ‘
O.COOb 333 ~‘ . ‘
§...‘!co van ‘{&:!‘5;322'5'.,.{,-,.... 7%; Z awssen 2 ve 1337 tsecars e vakf88ie 15 - 1.000

FIGURE 197,

A

$°PYO PISTON EXTEND PRESSURE 35-8 GPM TURN--OFF TRANSIENT
120°F 15,000 RPM ‘

155

B e e T




l*o’.‘ib S

00,0000

4 4.8000

CCCCCCCCCC‘;H

209.0000

0.0000 .

-

C L COMPUTED PRESSURE
— DATARUNNO. 97-17- P2 (PC2)

cr.ccc:cz:cccccccr:ccc:':t;c«:c‘;‘cu.gc‘:n_;:':_rcf"c_f'rv

%898 32 znuxnn‘e‘s°gnen
ecscd vang suas kooflL - o7

[ 11

FIGURE 198.

*
. 1,000
H ot conr3deY wyvaen .
3 ore)

- . .
r v, W3 esecar. wwe valb¥lie 1y —-
BT YT Y

SERVO PISTON RETRACT PRESSURE 35-8 GPM TURN-OFF TRANSIENT

120°F 15,000 RPM
156
A ‘ h
v/ i \\.

R A T




The turn-on transient simulation was repeated. The initial volumes

of the actuator were decreased, This resulted in sligutly better phase
correlation with the actuator pressures and pump outlet flows as shown in
Figures 199, 200 and 201. However, the computed outlet pressures is now
leaciing the measured values. Knowing the accurate volumes of the retract

and extend side of the actuator would provide the correct phasing between
the model results and the data. The lack of a good actuator loadipg function
during the transient probably prohibited the corrzlatien 'of the actuator

pressures.
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3. . STEADY STATE TESTS
Steady state tests were performed on the instrumented vane pump. The
runs vet? made on the circuit shown in Figure 202. Test conﬂitions involved
flow and speed sweeps at 120°F and 210°F. Table 19 presencs a listing of
the completed steady state tests The pump parameters recorded during
the steady state testing were:
Pump outlet pressure (Pl)
Pump outlet flow (Q1)
Servo piston pressure (large area) (PCl)
Servo piston pressure (small area) (¥C2)
Servo valve control differential pressuce (P2-P3)
Servo piston positicn (XP)
Balance piston position top (XBP2)
_ Balance piston position bottom (XBP1)
Figure 203 ghows the pump outlet pressure for a flow sweep at 15000 RPN,
The flow was varied by a hand operated metering valve. The outlet pressure
is directly proportisnal to the flow and the curve represents the preasure/flow
characteristics of the system. The piston position in Figure 204 {s shown miving
to the fully extepded position,which corresponds to the aminimum cam displacemeﬁt
and maximum pump outlet flow. . ,
Sweeping the pump RPM from 4000 to I5000 RPM provided the vane pump’
operating characterisiics. The metering valve was set to regulate the flow
at 35 gpm, Figures 205 and 206 show how the pump outlet pressure
and flow gradually attzin the required values. In Figure 207 the conttoi pressure
signal is increasing until it reaches the required 60 psid across the metering valve.
The balance piston in Figure 208 then starts moving at 9200 RPM as the cam adjusts
‘ to maintain a constant flow,
The servo piston pocition in Figure 209 shows that the piston is at a
minimm position {correspending Lo max flow) until the pump goes on control.
Then the piston backs off the msintain the desired flow rate. A rough
estiimate of the “nternal leakage was made from thesé steady state plots.
The leakage was « umed to be directly proportional to the vane stage

pressure rise. A simplified formula for internal leakage was used.
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FIGURE 202

CECO VANE PUMP STEADY STATE AND TRANSIENT TEST SETUP

1ABLE 19 CECO VANE PUMP STEADY STATE TESTS

SPEED

HOW . FLUID TEMPERATURE
(RPM) (GPM) " (°F)
Sweep (4000-15000) 8 120
Sweep (4000-1509) 25 120
Sweep (4000-15000) 35 120
11?(@ 8-25 1208210
13504 8-30 1208210
15000 8-36 120
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QLEAK = (QMAX - QOVBD
where
MAX = maximum pupp flow at current RPM
QOVBD = pump outlet flow
from Figure 205 at 15000 RPM
-QMAX = 250 CIS
QOVBD = 34.2*3.85 = 131.67 CIS

‘ Thereforé, QLEAK is about 118 CIS. The vane stage pressure rise was the

difference between outlet and inlet pressure or about 650 psid. The leskage

‘coefficient is then calculated as

COE?LE = _@%}5 - %—% - .18 CIS/PSI
v

for 15000 RPM. Unfortunately this term was not constant for throughouf the
on-control speel range. Also a different leakage term was computed for the non-
controlled port'on of the pump speed range. Leakage rates also varied for
different flow test conditions. No reasornable value or expression for the

vane internal leakage could be computed “rom the test data that was avallable.
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The leakage flov calculation is dependent on the balance pistion position which
gives a direct readout of the cam position. The cam position at any RPM
was converted to a maximum flow rate through a table (supplied by CECO) relating
can position to maximum pump flow. The measured steady state cam position

obviously were not the correct values. Thigs was evident from the way the balance

‘platon positions were calibrated. The zero cam position was eet when the

pump was off. This was a static calibration which was subject to offset
errcrs once the pump was started. The balance piston positions are only
capable of rhowing ~elative changes in cam position and not discrete cam

locations. Leakage coefficients in the HYTRAN and ISIT pump models

were assumed from data supplied by CECO.
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SECTION V

HYDRAULIC MOTOR MODEL DEVELOPMENT AND VERIFICATION

A fixed displacement axial piston motor manufactured by Aero Hydraulics, Inc.
was tested in the Hydraulic Performancé Analysie Facility. The motor has a 0,62 CIR
displacement and a rated operating speed of 8100 rpm. The maximum no-load flow
through the unit at rated speed is 18.5 gpn with 415 psid across the motor ports.
The motor used in the testing was controlled by a servo valve which together with

- the motor dropped about 2000 psid at the maximum no-load flow rate.

The objective of the test was to verify steady state, frequency, and transient
math models of the motor unit. Tests were made with MIL-H-5606B hydraulic fluid.
The test unit was an off-the-shelf item (Figure 210) with no special instrumentation
requirements. Th;eaded ports were installed in lieu of the quill tubes normally
uséd to couple the motor to the F-18 Leading Edge Flap servovalve package.

Figure 211 is a schemaiic of the test stand. The motor was powered by an
F-15 pump and controlled by a servo valve unit. Pump noise and pressure ripple
were isolated from the test unit by using a commercial Pulsco Hydraulic Acoustic
‘Attenuator. The test specimen temperature was controlled by an industrial type
heat exchanger in the return line. An independent pressure source was used :5
pressurize the F-4 reservoir. The test section consisted of the motor and the
lines connecting it to the servo valve unit. Time and budget constraints precluded
the inclusion of static and inertial loading in the test set-up. Internal motor
inertia proved sufficient to verify tramsient effects, as expected, however the lack

of a static load ﬁreventcd the acquisition of meaningful frequency response data.
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FREQUENCY RESPONSE MODEL AND VERIFICATION

a. Motor Mode!

The HSFR piston motor model uses the same calculations as the pump model.
The input data requirements are also similar. The motor subroutine is pqogramméd
to perform both an inlet (pressure side) and outlet (return éide) analysis. The
motor ignores the overboard flow supplied by the load valve and computes its own
flow dﬁring the AC portion of the program. The motor dres not require an inrput
steady state flow and there is no steady state balancing. Appendix F details
the required input data for the HSFR motor model and gives a technical description
of %he subroutine.

b. Verification Tests and Resulfs

The inlet and outlet lines from the motor to the servo valve were to be mapped.
Total pressure pulsations and fundamental frequency pulsations were to bc plotted
versus a motor speed sweep for fixed and roving pressure transducer locations.
Motor speed was controlled by moving the servo valve control spool which varied

the inlet fiow and thus the motor's rpm. However, no reliable data could be

. produced from this arrangement. With no load on the motor, shaft rotdation was

very unstable causing the plotter fro oscillate along the rpm axis. Without a gocd
rpm signal the spectrum analyzer could not work properly. This is illustrated in
Figures 212 and 213 which are the fundamental and second harmonic at the Pl pressurz
transducer location in Figure 211. No distinct fundamental or harmonics can be found
on these plots with thé motor set—up.' Based or this informatior, the decision was
made not to proceed with the frequency motor tests. The test stand however was
nodeled with the HSFR computer program. Table 20 presents a listing of the
HSFR input data. The results of the simulation are shown in Figures 214 and 215.
Figure 214 shows fﬁe‘peak pressure pulsations at the inlet port plate of the

motor and Figure 215 is the comparable location on the outlet. Predicted and

measured yressurs pulsations on eiiher side of the motcr were very low, less than

20 p3i peak-veak. The computed resonant rpm’s for the short line circuit were

© 2600, 5200 and 7800 rpm. No direct comparison of these results with test data

could be mzade,
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a. HYTRAN Motor M0d91~ A 'H{TRAN motor model was written to simulate the

operaticn of a constant displacement hydraulic motor.
aceounts for case drawn and cross port leakages, in addition to the motor inertia,

damping and breakout torque. Appendix F presents the HYTRAN user and technical

sections of the MIR>H subroutine.

b.

determine factors which wenld affect motor perforvance,  The

on a 1/2" line system (Fignre 211) with MIL-H-5&08K byvdraulic fluid. A photograpn
¥ ¢

sts oand Results - Test conditions were established to

tesling was

The MTK56 suhroutine

done

of the system is shown in Figure 216, A summ:tv of the transient test rurs

are shown in Table 21. For each test the foliowing data wos recorded.

Moter Port Preszures (Pl & P2)

Mot or Caze Drain Port Pressure (P35

Serve Valve €1 Port Fressure
Guervee Valwe 02 Port Poossure

Servn Vilwve Poaption (X))

Upstread Sonrce Prosanre (PH)

Return Pressure (P73

Moror PPM(MS5)

~

(P&

(13}




FIGURE 216

. HYDRAULIC MOTOR TEST BENCH |
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TABLE 2] HYDRAULIC MOTOR TRANSIENT TEST RUNS

STEADY STATE MATOR ROTATION MNOTOK INLEY RESERVOIR N
FLdk (GPNM) TENPERATURE PRESSURE NUMBER
Hiew ww . CF (Fs1c)

2 ) cow 119 Y 98-03+
+2 -z cov-eN 120 62 98-07R
s 0 . ccu 173} ' €2 9804~
5 0 CCw 122 &2 9K D4
+ -5 COW-W 122 52 ‘ 98048
10 o cow 120 Iy 98-05-
10 [ ccw 120 I's) 9805+
+10 -10 cov-cN 120 I3 98-05R
15 0 cov 121 $9 . 9R-06-
15 ) cox 122 62 980+
+15 -15 CCW-0d 12 62 98-06R
18 0 cew 120 62 98-07-
18 0 Rt 121 61 98-07+
+16.6  -16.6 COW-EM 1. 63 98-07%

Notes: 1. + (indicates a turn-on transient
-~ indicates & turn-off transient
R indicates a motor reversal

The hydraulic motor was not loaded for the testing. The relief valves in
the motor lines were set for a 4000 psig cracking pressure. Hydraulic pump
speed was limited to 2000 rpm so as not to overspeed the motor béyond the
design flowrate of 18 GPM. During the testing the transient pressures
were menitored to assure that they did not exceed the cracking pressure

oflthe relief valves.

The motor speed pick-up was an AC type unit. The signal was converted to a DC
level to facilitate recording and playback. The conversion process Introduced
‘a lag in the signal. In addition because of the high frequency of the signal
(23 tooth gear yields 2340 HZ at 6000 rpm) the electronics wodld roll off the
peak values and smcoth out the traasient signal. Consaquently, the measured
motor rpm was only good for steady state values. '
.The turbine flowmeter (Ql) had thz same probtlems, but had better response

characteristics because of the lower operating frequencies (20 gpm = 175 HZ).
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After completing *tne transient test series, the relief valves were rechecked
for the proper setting. The relief valve in the line that contains the Pl and P&

pressure transducers bad a cracking pressure around 150C psig. The relief valve in

the other line started leaking at ZSQ‘psig but did not fully open until 4300 psig. This

introduced varfables in the test runs that were not adequately measured. The leakage

flows throush the relief valves were not recorded. Also pressure histories downstrean

of the relief valves are rot avalliable. Without knphn boundary conditions a

computer simulation £ a test run is impractical. No meaningful correlat:on could

be accomplished. 1} mwever, a computer simulation of the test system was made to

determine if the w 1z21 was operating correctly.

c. HYTRAN SI!ZULATiON AND DISCUSSION

A HYTRAN schematic of the motor test set-up is shown in Figrie 217. A turn-off
transient at 38.5 CIS flow was the first simulated run. The computer input

data is presented in Table 22, Figures 218, 219 and 220 show v he anlet and

outlet port pressures and the motor RPM respectively. In Figure 219.

the motor outlet pressure falls below the fluid vapor pressu;e.because

there ig no cavitation model at the port. The initial steady state

flow was 62.2 CIS. The steady flow after the valve closure was 3.85 CIS.
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3. STEADY STATE TESTS

Three Steadvatate Tests were performed on the motor in the Hydraulics
Lab. The first test was to start with equal port pressures and by loweriag
one of the pressures, record the pressure at which thﬁ motor drive shaft begins

to rotate at no load conditicns, Table 23 presents the data for this test.
TABLE 23. HYDRAULIC MOTOR BREAKOUT PRESSURE TEST RESULTS

. PRESSURE (PSIG)

OUTLEL
20
60-65
85~90
110-115
210-220

975-13%5
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As the inlet pressures increased the pressure drop at which the shaft
would begin to rotate also increased. The Internal static friction coefficient

for the motor mav be determined by plotting the pressure differential versus

the return pressure (Figure 221).

1000
750 pd
Coefficient of Static Friction
160

‘té Ci - peey 094
S so00 /
&
°' 1

250 pd

00 250 500 : 750 1000

Return Pressure - psi
ar7e.0eee.13

FIGURE 221
MOTOR PRESSURE DROP vs RETURN PRESSURE

Once rotatfon was achieved during the test' the pressure difference
‘ graduzily decreased until rotation ceased. Unfortunately this occurred transiently
and the pressure difference across the moior when the shzlaft stopped rotating could
not be read on the test bench gages. This value would have helped to determine
the Interral friction coefficient which the motor was running. Thus it was

necessary to assume a value for use in the HYTRAN program.
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The motor lerkage characteristics were determined by locking the motor shaft
and letting the raturn and case drain lines be vented to atmosphere. Pressure

was then appliec to the inlet and the flows in the return aud case lines were

measured. Figure 222 is a plot of tke pressure drop versus flow for both port
to port and port to case leakage. The leakage coefficients used in the HYTRAN

¢

motor model program were obtained from this data.

L~ Port YOIPOrt

Port to Caso-\>/°/

AP - psid
\

20
500

(]

o
0 ‘
3 0 50 1G0 150 200 250 500
3 Flow - gpm x 193 ’
# ’ Gr72.0899. 14
1’ . FIGURE 222
f HYDRAUVLIC MUTOR LEAMAGE CHARACTERISTICS
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The steady state pressure drop versus flow characteristics for the motor

Qere recorded on the transient test stand (Figuve 211) by slowly cycling the
servo valve. Figure 223 shows a plot of the pressure differential across this
motor versus flow for a clockwise motor rotation. The steady state case drain
pressure versus system flow characteristics is shown in Figure 224.

A plot of motor speed versus motor flow is shown in Figure 225. This plot
and Figure 223 were used to generate a graph of pressure drop across the motor

versus motor speed (Figure 226). The slope of the resulting curve defines a
dimensionless damping coefiicient. The curve sweeps upward indicating that the
prassure depeads on higher powers of motor speed and is caused by the flow

resistance of the motors internai passages.
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SECTION VI
SUMrARY AND CONCLUSTONS
HYDRAULIC LINE ®ECHAN: ;Al. RESPONSE PROGRAM

a. Program Objectives

Deve ‘opment and verification of a computer program for predicting line
mechanizal responge due to predicted pump pulsaticas waz achizved, but o
& limited degree. The computer program (Appeudixc 3) develeped was based

on simplified beam analysis, but included coupling mode effects. Computer

" analysis of zhe straight pipe produced excellent correlation to test results.

The one and two 20° bend configuravions provided gocd correlstion but re-
quired tie uec of siwplifying assump®ions.

The program can be used te deteranine the mode stape ard frequency éf 4
fundamertal line responses, Higher modes of line response, which were the
predominant responses in the lines tested, are predicted accurately for certain
configuratfons. However, these solutions cculd not be generalized, therc ore
a general purpose line response computer program was not achieved.

The present program, ainns with other analytical techniques and design aids
developédf can be used to study the frequency response of a particular line
installation., This capability can provide aseful information in aveiding
lice resonance conditions in the hydraulic pump operating regime, particutarly
fundamental line responses which can lead to rapid futiq » fallure of a

line, v

Ultimate usefulness of & line mechanical response computet'yrogram to the
gystem designer will require prediction of line detiections ans reeulting

line stress. This capability would allow the designer te a2id configurac -ons
which may result in eérly fatique failure of a line 1nstal!arioh.

Wearcut’ of line clamp cusnlon, clamps. and clamp mwmting structure zre lang-
range problems rewultipg from pulsatfon induced line motion. .Prﬁdiaﬁfwn ot
line motion amplitude and direction is heeded to allow more Judicious
placement of line clamps on the central system lines. This approach would
place clanps st locations where axial line wmotisa ! l.w, thereby incveasing

clamp 1ife.,
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A general purpose HLMR program will reguire considerablvy more test verification
work and better mathwatical techniques.: In recent years the finite element
method has been developed. The bosic idea is to divide a coumplex problem

into a series of simpler interrelated problems. Thus, the whole is modeied

26 an assemblage of discrete parts of finite elemeirts. Presently a aumber

of disciplines are using this method to solve prohlems normally associated

with stress analvsis and solid mechanics,but also those'connéc;ed to
electromagnetics and fluid~flow’netwnrks. '
b: Test Results | \

o line specimens were excited by hydraulic resonances, and resulted in complex
mechanical razsporses for which analytical tools are not presently available. '

o No fundamental mechanical 1ine‘responses were encountered in the pump ;
operating regime. ' :
o The elastcwmevic clamp produzed only a minor effect by slightly lowering

the peak “g" levels of the unzlamped configuration. There was no

significant éhange in mode shapes. '

o Peak pressures and accelerations were out of phase for the straiéht pipe.

nezy mid-span, and for the two-elbow pipe between the elbows. They were

in-phase for the one-elbow pipe in the vicinity of the elbow.

¢, Line Data Reduction

Tﬁe use ¢f sgingle-..is accelerometers necessitated the re-run of the pump
speed sweeps for each of the three orthogonal axes. Large amounts of data
had to be coordinared uii reduced for the multiple accelsrometer locations
and aszzociated puv, oyp2eds, This was time consuming. The mede shapes were
caleulate? and ploctoed - or each significart pump speed to provide an overall
view *f .ne miiion of ihe pipe and for mode fdentification. The l-rge amount
of time devoted to the testing, data reduction, and subseqnent data presenta-
tion and correlstion limited the time evailable to irvestiy te better ganeral

'

matbrmatical techniques,




d. Control of Line. Mechanical Response

This effort and other MCAIR experience shows that destructive meqhanical
response of central hydraulic system‘lines is definitely the gesult of
internal excitation by pump pulsations and the resultant resonant hydraulic
response of the system. Reduction of pump pulsation energy produées a
reduction in line motion. Unfortunately, pressure pulsation level cannct

be accurately correlated to line mechanicel respovsé, which varic§ widely
based on the specific line installation/configuration. Development axd

use of effective wide band pulsation attenuators offers an at.ractive and
perhaps more cost effective alternative than development of a gerneral purpose
HLMR program. The use of an analytical definition for an opiimum line
configuration may be nullified‘by installiation constraints which usually
dictate routing, clamp locations, length, bends, etc.

Current design reqbi}ementsfcr line clamp type and spacing address steady
state loads and externaily applied vibrat;on.loads from the airframe or
engine. CGusnioned line clamps do not significantly alter line response due
to internal hydraulic exeitation. They, therefore, must be designed to give

good life with whatever line motion exists.

F-15 PISTON PUMP MCTUL VERIFICATION

a. Objectives - The primary objective of this portion of the followu-on contract
was to investigate means tor improving and expanding the capabilities of the
HSFR and HYTRAN pump computer models. This was accomplished by conducting‘
Erequency response and transient teste at 4400 psi pump outlet pressure to

verify medel simulation at higher operavinrg pr:ssure, installation of a2 case

7
2l
"
s
7

;sure trvansducer to improve the pump model calculation of case pressure
zt 3002 and 4400 psi pump outlet pressurc<s, ind model changes to improve the

damping chavacteristics of the pump.

t Avticle ~ The F-15 pump used in th: original AFAPL contract was

by the supplier and used in this --z2rification. The wiped port

plaza znd cylinder barrel were replaced . id, a case drain préssure tap was
jngtalied, and. the pimp was outfitted with new C' rings. Steady stare

tests wera run to recheck the case pressuref/flow and heat rejection characteristics.

Changes - The computation fur pump hanger actuator leakage was

updated using 2n equatisr» for fully developed laminar steady flow between

statiunsry fleo plates. The computation for describing the flow foreces

on the romprnr siay valve was fnvestigated., A parametric study was performed to
derernine the sengiviviry of fopnt data in the computer simulation. The parametovs
invertigaid were banper damping, actuator displacement, coefficilent of pomy
lezkages, and case volime,
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d. Conclusions - ,
o When frequency response test data at 4400 psl was overplotted on HSFR

computer output for comparison, the plots show excellent frequency correlation
for the second and third system resonant frequency, however, much higher

peak pressures were predicted by HSFR than were measured. The period of

the standing pressure waves shows excellent correlation bétween computed :
and measured results, but again the measured amplitudeé are much lower than
- the HSFR program predicts: Data is not available from the 3000 psi cesting %
for direct cdmparison'at the high flow rate required to keep the pump control )
stable at 4400 psi. The HSFR pump model is capabie of accurately predicting

systeﬁ resonant frequency locations for sysﬁem pressures up tB 4400 psi. %
However, amplitude prediction is not accurate, the level of inaccuracy é
‘being about thé same as that obrained at 3000 psi pressures.

o The computed and mcasured results during transient tests at

R e e

3C00 and 4400 psi compare well in most cases. The general
computed vs. measured data correlation is better for the turn-
' on transients. Both amplitude and period characteristics of the

data fit much better than for the turn-off case. It is concluded

the HYTRAN pump model can predict transients as accurateiy for .

system operaéing pressure up to 4400 psi as for 3000 psi system pressure.
o Of the pump model changes investigated, the hanger damping term

has the most significant.éffect on yielding good correlation between

computed and measured test results. Time did not permit determination

of an al~orithm for hanger damping that fits all cases. The installation : Q

of the case drain transducer enabled the study of case pressure/hanger

dynamic relationships.

3. VANE PUMP MOLEL DEVELOPMENT AND VFRIFICAT)\ION
a. Vane Pump Pressure Pulsatiens
Total pulsations in the vane pump outlet line of a simulated system reached !
a maxirum of 210 psi peak~pe:k at 14,000 - 14,500 rpm with an outlet
flow and pressure of 8 gpm and 343 psig. Pre -ure pulsétions at this
spead in the upstream contrel line are very sirong, reaching akout

1000 psi peak-peak.
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The relatively low impedance (low acoustic reflections)of the metering
valve allows resonant responses from all the test ¢ircuit lines down
to the load valves, and probably even to the reservoiyr, to be exhibited
in the main flow line from the pump outlet. Therefore,measured resons.at
pulsations in the outlet line are‘numerous.
b. Vane Pump HSFR Mcdel ‘
The vane pump model is compatible with the HSFR program and can be

used to predict flow and pressure pulsations in a vane pump cystem. The vane

pump subroutine models the detailed motion and pruping action of the CECO

" vane pump. Alzhough much of it is applicable to vane pumps in general, the

complex variable gécmetry of the CECO design is hard modeled. Modeling

of variable ram geometry and outlet port éonfiguration and timing

for other designs would réquire changes to the vane pump subroutine.

Cam geometry and cutlet porting are key factors in the prediction of pulsafion ampli-

tudes,
c. Vane Pump HSFR Model Verification

Resonant freguencies in the closed end sensing lines were predicted quite
accurately. The best accuracy was obtained for resonant frequencies

ir the upstream sonwring line. Simulation of the sensing line terminations
inside the punp is a source of error. Preticted amplitudes were about twice
measured values., Predictions of pressurz pulsations in the outlet lire are
less conclusive.. The test circuit was first modeled down té the metering
valve and then to the load valves, and still deas not seem to produce

all the resonant responses present ia the outlet line., Predicted amplitudes

in the outlet line were generally about 2 times measured vzlues.

turn-on and turn-off transients compare favorably with the ncasured test data.
In setting up the simulation care must be takean ir selecting the proper
steady state operating characteristics, otherwise a transient will ocuur

when the 3000 esection of the HYTRAN program begins. The transient rasprnse
predicted by the PUMP3I2 model is good. Lags between weasured and écmputed
data are deperdeat on the actustor extend and retract volumes. The cam

loads on the actuators determine the extend and retract pressures which are
not‘siwulated well. A better definttion of these loads might improve the

czleulaved pressuras.

v
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4, HYDRAULIC MOTOR MODEL DEVELOPMENT AND VERIFICATION
a. Motor HSFR Model & Verification '
The motor model was readily adapted from the pump model. The lack of

a statlc loading capabllity prevented the acquisi.ion of extensive frequency
test data. Fowever, the iimited test results and the pulsations predicted
by the model showed very low amplitudes, less than 20 psi peak-peak. The
motor model performs both inlet and outlet system acoustic analyses when

. used with the HSFR program.

' b. Motor HYTRAN Model & Verification

Some verification of a basic transient motor model was achieved within

the limits of budget and schedule. The model is applicable to in-line gxial

piston motors. Computer results were good without simulating lcad inertia. Motor
internal inertia is high compared to reflected load inertia in high gear reduction
abhlications such as the F-18 leading edge ménue?ering flap sysﬁem. However,
load inertia is high in direct drive applications such as a gun drive.

The present model is adequaﬁe for transient analysis of motor driven
utility Ffunctions controlled by separate selector valves. The motor model
must be integrated with a servo control model to use it in simulations of
servo controlled motor driven systems. MCAIR wrote s servc motor model for
the Shuttie Orbiter rudder/speed brake and is working on a model for the
F~18 leauing edge flap drive. However, no direct verification of a servo
controlled motor drive has been accomplished. This would require a specially
instrumented servo motor drive package and static/inertial load simulation.
Analysis of high response secvo motof driven systems provides an axcellent
application for the HYTRAN program and should justify future niodeling/
verification effort. _ |

Tests with high ioad iner:ia would enhance model verification for gun
drive type applications. The present model includes internal leakage

chsracteristics.,
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SECTTION VII

RECOMMENDATIONS

1. HYDRAULIC LINE MECHANICAL RESPONSE PROGRAM )

For loag range activities it is recommended that the developrent of a digital
computer program be initiated utilizing the matrix concept of the finite elemeunt
method with a concurrent effort to further evaluate the ultimate usefulness of
such a program to the design of hydraulic system jnstallations. For short term
activities a continuing program of test data accumulation and refinement of
empirical solutions is recommended. fhe following are recommenced for futufe
efforts:

o Investigate the feasibility of aﬁplying a finite element method
(pcesibly the NASTRAM program) to predic;‘mode shapes and freauencies.
¢ Conduct tests on present tested specimens using strain gages to determine
the relationship between stresses, hydraulic/mechanical resonances, and
previously measured accelerations.
o Determine the effect of 1ncreasiﬁg clamp flexibility by using F-15
type production clamps in the three previous test installaticns.
2. F-15 PISTON PUMP MODEL ‘ o ‘
Further investigation of the pump damping characteristics and its
modeling is recommended. Tests shovld bte conducted on another pﬁmp configuration,
such as the F4 pump, to verify the’adaptabilir; of the pump model to pumps
of other sizes and more conventional response characteristics.
3. CECO VARE PUMP
The pump and/or engine manufacturer snould detecmine if the high pulsatious
<1 the upstream control line ére contributing to pump or line
failure modes. These pulsations could be reduced by the use‘of a larger coatrol
line e.g. 3/8 vs. 1/4 or an orifice in the control line at the main_liﬁe junction.

Rowever, these ﬁéchniqueé might adversely affect the control loop response.
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‘a. HSFR MODEL - To improve the HSFR siﬁulatinn a detailed knoéledge
of the pump's internal leakage characteristics is desirable. This would
more accurately define the precompression characteristics and provide
betier correlation between cutlet flow and cam position. ’
b. HYTRAN HODEL - The addition of an empirically derived actuator load
versus stroke curve at vurious outlet pressures would improve the PUMP52
computation of actustsr ex* rd¢ aud fetract pressures. More detailed
testing is requirad to gensrate this data.

§. HYDRAULIC MOTOR MODELS
a. HSFR MODEL - Further tests on frequency hydraulic motors should include

a static loading system for the motor. Tests with inertial load simulation
should be conducted to further verify the HYTRAN motor model for direct
drive applications. ’ '

b. HYTRAN MODEL - Modeling and verification of a complete servovalve
motor package with simulated static and fnertial loads 15 recommended to

provide direct model capability of aerodynamic con‘rol surface applications.
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APPENDIX A

BIBLIOGRAPHY OF FLUID-LINE COUPLING ANALYSES

1. Ashley, H., and Haviland, G., "Bending Vibrations of a Pipe Line
Containing Flowing Fluid" Journal of Applied Mechanics, Vol. 17, .
No. '3, September 195C.
Paper deals with vibrations ;aused by cross winds on large (30-inch)
diameter steel pipe lines‘suppor:ed above ground at 66 ft intervals.
The analytical investigation, based on simple beam theory, assumed
that the pipe is simply supported (pinned-pinned) and calculations made

for a number of flow rates.

be 3,54 Hz and would be approximately constant for the practical limits
of fluid flows. No relationship was made between winds and frequencies
other than to state that any transient aerodynamically induced excita-
.tion could be handled by energy dissipation of the fluid motioﬂ.
Housner, G., "Bending Vibrations of a Pipe Line Containing Flowing

Fluid" Journal of Applied Mechanics, June 1952, pp 205-208.

Identical title as the Ashley-Haviland paper, with additional analytical

study invclving the coupiing of vibration modes. It shows that little

or no damping can result ip large amplitudes, and that at a high eritical

velocity (380 ft/sec) the fluid flow can cause a dyrnamic instability.
However, such a fluild speed is not realistic, being Z5 times as large

as the normal flow. Since amplitudes depend c¢n the amount of damping

in the system and the ﬁagnltude of the exciting force, a vibration
problem can develop which 1s similar to the Tacoma Narrows Eridge case.
The collapse of the bridge was caused by lack of built-in demping. A
condition of no flow in the pipes would require a transverse, exciting
force of 13 1b/ft. to cause undesirakle effects. Such a forqe rate
was considered unreasonable and not attainable. No axial excitations
were taken info conslderation.
force developed when afr flows by a cylinder located near the grouvnd.
Lorg, R. H., Jr., “Experimental and Thecret! lcal Study of Tranverse
Vibration of a Tube Containing Flowing Fluid' Journal of Applied
Machanica, March 1655, pp 65-68, '
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The equations of moticn derived in Housner's paper are solved by means

of a power-series approximation for specific'boundary conditions.

These ccaditions deperd on the type of supports for the pipeline, i,e.,
fixed-fixed, pinned-pinned, cr fixed-free.

The pinned-pinned experimental investigation was performed using a 120.03
in. long low-carbon-gteel pipe, one-inch OD, and a wall thickness of 0.037

"in. The natural frequency of the pipe containing water at zero velocity

vas determfued to be 5.65 Hz. The frequency remained at this value
as the water flow increased to 35 ft/sec. Independent unpublished

expetimental work on a similar tube was made at Cal Tech and reported

" in this paper which indicates that a ten-fold increase in fluid

velocity reduced the natural frequency of the pipe by 3.2 percent,

Tests on fixed-fixed and fixed-free pipe end conditions using a one-

inch 0D, .073 in. wall thickness, 57.95-in long, SAE 4130 steél tubing,
filled with water produced reasonable agreement between the analytical | -
and experimental resnlts. ‘ '
The significant fesults of the tests indicate that fluid flow has a small

effect in reducing the frequency.

J. D. Regetz, Jr., "An Experimental Determination of the Dymamic

Response oé a Long Hydraulic Line," NASA TN D-576, December 1960.

The primafy objective of the tests was to determiné the frequency response
of small perturbations in pressure and fluid (JP-4 fuel) veldcity in

a long (68--ft) hydraulic line. The results indicated that the dynanic
behavior of the line depended mainly on the elastic constants and inertia
of the line and fluid, and on impedance, In addition, the longitudinal
frequency of the pipe had a marked effect on the inlet impedance frequency
response. "1

R. J. Blade, W. Lewis and J. H. Goodykoontz, "Study of a Sinﬂsoidally
Perturbed Flow in a Line Including a 90° Elbow with Flexible

" Supports” NMASA TN D-1216, July 1962

Tests wore conducted on a 68-ft line, with a sharp bend at midpoint.

The line was supported in a manner that allowed for longitudinal wotion

of the downstream half.‘ Sinugoidal perturbations were Imposed by oscillating
a valve about a partially open position. The fluid used was JP-4 fuel,

The method of analysis assumed the mechanical pipe vibrations as a spring~-
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mags system with viscous damping. The results of the analysis

was considered to be in good agreement with the tests.

A. Bsld, "Determination of Stresses in Fluid System Tubing Under
Conditions cf Pressure and Flexure" NAEC-AML-2243, 19 August (965
The purpose of tl.ese tesis were to determine the sr?essés developed
in tubing while under pressure, cr due to bending, or bora. in order
to establish a method to measure stresses in tube-fitting assemblies.
The report concludes‘that the method outlined produced more accurate
results than the procedure in MIL-F-182808 becéuse it includes longitudi-
nal as well as lateral changes in the tubing.

J. H. Ginsbérg "Thé Lynamic Stability of a Pipe Conveying a Pulsatile
Flow" International Journal of Engineering Science, Vol. 11, 1973,
pp. 1013-1024.

~ The analysis ceals with small displacements of a pipe conveying

a pressurized fluid with a fluétuacing harmoni: veloﬁity,v Equations

of motion are derived for the case éf a pinned-pinned pipe. The
pulsating flow causes the pipe to have ragions of dynamic instability
which increases proportionally to the amounts of fluctuation, The
pape- indicate: that the results have great similarity to beams
carrying pulsating enu forces.

F. J. Shaker, "Effect of Axial Load on Mode Shapes and Frequencies

of Beams' NASA TN D-8109, December 1975. .

An imestigatton was conducted into the effects of axial load

on the natural frecquencies and mode shapes of uniform beams for

var'ous end condjitions. The results are shown in a series of graphs

go that frequercy as a function of axjal load can readily be determined,
Arother terles of graphs shows the effect of axial load on mode shapes.
T. Iwarsubo, Y. Sugiyama, and $. Ogino, "Simple and Combing.ion Rescnances
of Celuimns under Periodic Axial Loads" Journal of Sound and Vibration,
1974, 33(2), 211-221. ' '

This paper is a theoretical'stuay Lito vesonanceé of columns under
periodic anial lnads for four‘boundary conditions. Them were (2) a
colvmn pinnad at both ends, (b) fixed at both ends . (o) fixed-pinned,

and (d)vf:teé»free, It concluded the region for flrst mode resondnce
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may not necessarily be the most important region for columns under
loading. Highcr modes and combination resonances may be of equal

or more importance.

M. P. Paidoussis, and C. Sundararajan, "Parametric and Combiration
Resonances of a Pipe Conveving Pulsating Fluid” ASME Paper IS-WA/APM 29,
December 1975 ‘

The authors studied the dynomics of a pipe conveving a pulsating fluid.
The pipe hangs down vertically in a fixad-free configuration. Alchough
much of the study was devoted to this case, a fixed-fixed condition

. was also analyzed. The conclusions were that for the fixed-fixed

case, combination resonances ave assoclated with the sum of the eigenfirequen-
cles, while for the fixed-fiee case they are &ssociated with the difference.
It stated that the conclusions were in qualicative agreement with experi-
ments. these experiments « “re to be‘reporﬁed at é later date.

D. B. Callaway. F. G. Tyzzer, and Y. C. Hardy, "Résonant Vibrations

in a Water-Filled Piping System" The Journal of the Acoustical Society

of Agerica, September 1951. '

‘The study repcrted on experiments performed on a straight 52.8-fcot

long, 2.375~in. 0. D 0.067-1n. wall thickness, copper nickel tube.

The water~-filled pipe was suspended horizontally by soft rubber 1o§ps

and the ends were closed by membranes. It was determired that there

was large coupling between water Vibrations and pipe wall bending
vibrations, so that longi{tudinal excitation of the water volumn resulted
iy wall motions of largg amplitude. This is due to the iarée diameter-
to-wall thickness ratio not encountered in aircraft applicatibns.‘ Bending
modes were found to be more numercus than other modes and causinrg trans-
mission of noise. '

L. C. Davidso;, and J. E. Smith, "Liquid-Structure Coupling in Curved
Pipes" The @hock and Vibration Bulletin No. 40, Part 4, pp 197-207,
Decembﬁr 1969. .

A 78.28-in, long pipe, £.5-1in OD, copper-nickel pipe, with a 90-deg.
elbow at'midpoint, was filled with oil with a bulk modulus of 238,000
psl. The exciting force consisted of an external source driving a piston
linked to the elbcw. The results were reported graphically in terms

of mobility (velocitv/force) va, frequency and showed good agreement
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between coiputed and measured results over a frequency range between
20 Hz aud 2000 Hz. )
13. L. C. Davidson and D. R. Samsury, "Liquid-3tructuré Coupling
in Curved Pipes-II" The Shock and Vibrations Bulletin, No. 42,
Part 1, pp 123-135, January 1¢72.
A piping assembly consisting cf straight sections and uniform bends
in a non-planar arrangement containiny a liquid wés anal;zed and
tested. The analysis indicated coupling betwzen compressional
wave of the liquid and mechanical responses of the pipe. Tests
generally confirmed existence of the coupling but not the frequency
characteristics. ' »
‘14. D. R. Samsvry, "Liquid-Structure Coupling in Flpeé," USN (NSRDC) ;
Report 4191. April 1974. ‘ .
A rigorous mathematical development of liquid-tfilled elbows and
straight pipes is detailed. The analysis is based on the previous
studies by the same Navy group as a continuing interest in the préblem
of noise transmission through liquid-filled piping systems. the
study indicates thit iu straight pipes no liquid-toe-structure coupling
should occur which is contrary to the findings of cther investigators.
Experiments using four-in, diameter pipes, three to four fegt in
length, showed that the coﬁpling phenomenon was suppressed:
Among the recommendations mada were the fnllowing:
(a) The development of analytical mndels of other pipe components
() A design guide to analyze piping systems
15. Armed Services Investigating Subcommitfee, "Crash of the F~14A",
H. Res. 201, U.8. Goverament Printing Office, December 20, 1971
Allegartions of defects and deficiencies {1 the F-14A aircraft:
design, manuficture, testing, and management, were made after a
crash occurred on its secound test flight,
Azcidert investigation revealadithat rthe causes were fatigue i
fractures in the hydraulic coutrel system tuhing as a result of
ripple vibrations of the hydraulic pumps. )
The findings of the subcommittes fvdicated that the fzilure of all
three contyol systems ceuld be laid on fau]t§‘and inadequate design

and nossibly fncomnlete testing. In addition, the evidence did discloge
P : L ENg . ‘

basis for most of the allegations.
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J. L. Sevall, D. A. Wineman, and R. W. Herr, "An Investigaticn

of Hydraulic Line Resonance and Its Attenuacicn' NASA TM X-2787,
December 1973.

The study mentions in its incroduction "the crash of an advanced
fighter-aircraft prototype", presumably the F-14 aircraft, and the
failure of the hydraulic line due to pump pressure pulsatioas,

The eiperimental investigation involved the usz of two types of
attenuators. One involved the use of a closed-end tube (standppe)
normal to th¢ main pipe. The other, vas a commercial damper

with an intricate internal flow arrangement. The conclusions indicaced
that the‘tommercial damper attenuated pressure pulsationsg over a

wider frequency range than tte standpipes.

J. A. Hutchinson, and R. N. Hancock, "Ground Vibration Survey

as a Means of CZliminatinz Potential In-Flight Component Failures"

Shock and Vibration Bulletin, WNo. 43, Part I1II, June 1973, pp 175-18C.
This ﬁaper describes the ground vibrations tests and.procedures o .
that Vought Aeronautics Company performed on the XC-142A and A-T7E
aircceaft, The company decided to resolve empirically the probless
assoclatzd with complex irstallations which were considared not amenaole
to design analysis. Over a thousand surveys were made which resulted .
in 3238 podifinstions to the aircraft'ccﬂp6nents. The paper claims

that tae results of all these efforts virtually eliminated hydrawlic

" leaks apd intermittent connector failures.
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APPENDIX B
HLMR COMPUTER PROGRAM. :
, AND ;
SAMPLE RESULTS ;
Bl. PROGRAM LISTING
52. LIST OF SYMBOLS _
A list of symtols with descr: »tion and units used in the é
sample computer runs. :
B3, SAMPLE COMFUTER RUNS , :
Taoles B3 th ough B4 summarize the results of computer runs for the
straight pipe; one-elbow pipe, and two-elbow pipe, respectively.
i
:
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‘ ' FROR O0PY FURAIGHAD TO DL

TABLE B:
HLMR PROGRAM LISTING

Ak M

:24 sAY 93,73

VIIAASPTALD
REBYE DY fuhe T G031, 00010, C2{19), CI1D),ChiL),u7 (N
020 DY tennioe U3, 3, V03, 3Y,5003),C0(2), 0 (1), Cel2),CT7(3)

| BItvevalon PIETALIA), FOMET {23, THIRDE24) 0o~ 24), F1usT(24)
UT he STy R 243, Y050, CARDS(5U) , vL {3}, DUS 3y

JATN FIFDA/12%0,0,-2,4575-10,11%0,0/

DATA FOURT /58405, 6. 5458569, 4%0, 0, -4, 06346L=9,0,
21.1306840.-7,10%0,3,757485L>y/ , ‘
DNTA THI /0,30 V13236-%,0, 4, 230450-8,7, 201550-58,-2.02768+-6,
Bl.ﬂq‘ﬂgr-7,?,1.03642h~3,0,1.31033h—6,—1.!3169L—7.«l.72737L~5,

-1.646096~7,-1,954738L-7,-2.26337e~7,-2.954730-7,~1.64609:-7,

J-..atla S7.0,0.0 5.629630=7,~5.5047 -7/
) »rc,\./a,~1 019526-5,1.230161.-5,3,042331,-6, 2. 324405,

:I

w2,26G1180-4,2.24006% -0, S.VZQQZL-S 5. US’*l -%eG. 269;4r~3,
3-4. A2 -5,1,230150-4,1.09969L~ J,l.d‘ 377-4,1. 64U47( B .
2105 4TL-4,1.9523810-4,2.02240~4,2,22090~4,2.07908n~
22.130950-4,2,3406%0-4,1.,352 4!:—4,¢.2117t-4/

OATN FIesT/0,1,3955E~3,6,7457e-4,1.17791-3,1.41534L-4,

A0196U~3,3.321430~3,1, 071431~3 3.49603e-3,4.2081%¢e-3,

3 “‘3.‘.64153L 3.'1 211111.-2,6.54894-3,5.31481 -3,
LIGH5095~3,3.332286~3,2.4833%.~-3,3.54-3,

14 °3 1.904760L~4,4.654750.-3,2,0527 91~ 3/ '

W/ 22.4,22,219%, ?1.&77),L1.)ul),Zl.ZUl,2”.9332,23.64h3,

LA
S~y

[ WY
— )

3T
”ZG.EWIV,1@.9317,1@.6020.19.0952,13.6012.13.05,17.5005,1?.1470,
T464,1R.,5087,16.,20614, 15.91ﬁ5.13.6,15.2079,14.79,14.4467,
Tt/
A UNENZ/L001,.0699,,.171,.149,.151,.199,.201,.243,.25),.274,.276,
By 301,0332,.334,.365%,.3075,.399,.401,.449,.851,.499,.501,
3,900 0513, .0u0l,.0335,.6345,,60640,.664,.699,.701,.724,.725,
DT al, W FEY, W80, .84, .0851,.899,.90),.949,.9%), .93 ,2.,3.,4.,
T, TER 1 FOR YR, AND U £ N

et

iy
141ﬁﬁ3631
t

S OTHAY PIPRL STAATSET (0), OnNe wla0w (1), O Two Ll vt

PA{D.T, R, R2,. L}

')) G T 1

LEYEO IO
.2}\,') T

R e I I B R A T

I
[V N1

T OPIPL: DU YOU wISi TO COMPUTE INPLAGL AUD OUT OF PLAULVI SN

Vowldg 7O COAPU L MASHTFICAITOE FACTORS? f JR W'

E I'\) rl
THL FIPL LtiSrhdlt
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00590
00600
00610
00620
20630
00640
00650
00660
03570
Quesdo
006490
0070V
00719
00720
09730
00740
00750
00760
00770
00780
00730
06800
00810

00820 -

o0Ng30
00840
00350
0ngs6d
0086)
00962
00870
00830
00890
00300
009190
Q0920
00930
00540
002950
060360
08970
005390
00950
01000
01010
G1020
1030

glo40

L7150
0860
G1970

54

55
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lﬁﬂlOOI!IWMUSHSDTODQC -

CALL 3AsSCLA(B1,AY,A2,w1,w2,w3,G,R3,P1,0,T.R1,AL,R2)
ADM= ,S*SIRT(G*L/R]1)

Pl=p-2*T .

Cl=K2/11

D2=F1**Z2/(D**2-F1%%2)
FO=(22.4/(2*PI) ) *3QRT{ (L¥BI*G)/(RI*AL**4})
F2={61.7/22.4)*F0

F3=(121/22.4)*F0

P4={200/22.4)*F0

F5=(AD/AL) /SQRT{1+D1%*D2)

IF(BER.EQ.0)GO TO 6

ERINT, *MAGNIFICATTION FACTORS TNPUT DATA®
PRINT, 'ENTLR PHe PIPE LENGDH!

READ,AL

PRINT, ' eNTER THE NUABLR OF POINTS'
READ ]

DO 55 wW=1,N1

WRITE(6,54)0 -

FORATY BHIN PUT X({,11,1H))

READ, CO(N)

CONITNUL

PRIV, "eNTER Pl & P2

RLAD, Pl, P2 ,

PRINT, 'ENTER Q1 & Q2°'

READ, 01,02

PRIGT, 'ENTER w0 & o

READ, 0,1

PRINT, 'ENTER THt. SPRING RATE'

T0=99

R=3

ReAD,S .
PRINT, 'tNTER Tik DISTANCE BbTwhkiN SUPLORTH'
READ, BO

CALL BASCDA(BI,Al,A2,w),w2,w3,G,03,01,D,T,R1,AL,R2)
$3=(L*BT*G)/(R2*A24R1*A1)

S6=50HT(SR)

PO 8 n=1,10

CI(N)=((N*PTI)Y**2)*56/((BO/(L1+1))**2)
F6=A2%30RT(PL1**2+p2%%2) ‘
Fi={({R2/G)/RL)*(QL1**2402%*2)
F8=3QRT(Q1**2432%%2) /A2

RO=F6&/F7

IF(RO.LT.500)G0 TO 9

£7=0

Ti=T0/57.29578

JO=F§*(1-C0US(T1))

J1=F7*{1-CO5(T1))

JZ=F6*3I0({T1)

JAZFEI*STe(T1)

Q=T24713

GB=314+30

AT
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01089
01330

©01l00

vlllo
01129
0113u
nlisgo
71154
0] 16
011ve
01180
J1120
ulzeo
01210
ul2239
1 23a
01249
yl250
01260
1279
01249
1229
71389
21310
61320
211330
9113140
11359
01357
51379
013350
01324
1499
714190
11420
0143,
914149
01459
G149
ara7y
nisen
0148y
glson
oisLn
31520
11537
11549
01559
LIBG0
31579
aisan

19
i
5

2491

12

13
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¥3=29/((w3/3)1*C3(1)**2)
WwIESQRT{3%4*G/ 43)
= O*,3*PT
A9=,1/C3(1)
AR=,9/C3(1)
N3=1-A0%R247J%*D
TE(NY9,0.0)30 TO 6 . ' ,
C1=n/2 ‘
Ny 1l N=1,N1
C2(M)=u
DS 10 J=1,10
V=2 (LIN(I*RTI*CL/30)*IN(J*PI*CO(L)/D0))/ABa(I**4409~1)
C2(1)y=CZ(N)+VB
CO{n)=YI*C2(n ;)
CONTHIJL o
33 201 9=1.41
C2{1)Y=035(C2(n)) 1
COVIINUL S
IF{CLr.N.1Y50 T 12 : i
IF(GE,62.0)50 1O 13 .
CALL outPri{t,s,T,AL,R1,12) ,
CALL CUTPD2(1,AL4,A1,72,w1,u2)
CALL DOTET3(w3)
ALL OUTPTA(AL,FO,F2,73,14,F5)
IF(urP U7.1)C0O 00 13
3O T 11
CALL QUTPTI(4,2,T,AL,RL1,%2)
CALL OUTPITS(IO,R,PY,P2,31,02,40,C1,5, 1)
CALL QUTPI2(3T,ALA,AL,A2,w1,u2)

“CALL OUTPT6(.A3,C3(1),F7,08,F8,w9,%6,09,Y2,A9, 1)

CALL ouTer7(Co(ly).c2(1),cC5(1}),C3(1),PI,41)
30 T 15 » -

Y{508)=0

PRIAT, '*LNTER AL & AL2'

READ,ALL,AL2

Bl=AL2/AL1

AL=AL1+AL2 ,

CALL IASCODA(RT,AM1,A2,01,42,95,G,783,°21,0,T.R1,AL,R2) .
PHINT, "ERTER THLTA' i
READ, XY , :
PRINT, "ENTLR TRL 2hJID RADTUS®

RetD,R '

pa 1a J=1,24 ' : .
YOI =FTIETA(IP*AIPA54FOURTHIIV AR LM ¥ A+THIRO( I XKL *3+50TCuD(F) *u1**2
VIIY=Y(IY4FIRST(IY *L14+3LD(T)

Co imle

e StV

O 2
-t ot

D17 3=
Ta=C+

pi]

1L

1,47
A=C+]
A=h+) '
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1599
11400
ulsl?
01629
01639
01649
01650
01660
N1679
01530
01390

01700

0171¢
01720
01730
al710
01750
01760
01770
01789
01790
01300
01310
91320
01330
01849

01850 -

01361
01370
01330
01890
01390
01910
01911
01320
01930
01940
01950

61960

01379
01280
01990
n2ann
02010
02020
0203C
02040
02059
02059
02070
02080

THIS PAGE IS BEST QUALTTY PRACTICABIY
FHOR O0PY PURAISHED T0 DDC -

TF(B1.GT.CARDS(A) JAND I LILCARNS(B))Y(50)=(Y(C)+2Z(OLLIA))/2
A=A+]
B=3+1 ‘
P (H1.GT.CARDS(A) s AtiDH1L LT, L\RO:(B))Y(SU)'(Y(DLLTK))
IF(Y(50).N£.0)30 TO 57
A=d+1
17 C=C+1
5T aS=Y(S50)*({(u*3T*G) /(v 3I*[,#%3))%* 5 ] '
F9=w5/(2%P1)
02=F9/.15
H(l)=15.4
t(2)=50.0
H(3)=194.0
AL4=(AL14+AL2)-R*(2-P1/2)
BO 18 ~N=1,3
CON)=(BIN)/(2*PT*ALI**2) ) *SORT(CL*21/( JA375*% (RI*AY+.6T7*R2*A2)))
13 C2(3)=(HIN)/(2*PT*AL2**2) ) 250 P(G*E*BT/( 4375 (R1I*A1+.6T*ii2%A2)))
A3=1/(2*PI*ALL ) *SORT((G*E)/R1)*1/30RT(1+(R2*A2}/(K1*Al))
AG=1/(2*PI*AL2) *SORT((G*L)/R1)*1/SORT(I+4(R2*A2)/(R1*A1))
AJ1=1/4(2*PI*ALL) *SORT((C*L)/RI)*1/SORT(1+(R2*.33%7A2)/(R1*A1))
AB1=1/(2*PI*AL2)*SORT{(GC*uL)/RL)*1/SCRTIL4+{R2*,33*A2)/(Kl1*al))
Do 19 8=1,3 .
IF(ALl.hQ.G)GO TO 20
TH(N)=CO(N)*A3/SORT(CO(iv) **2+A3%*2)
20 IF(AL2.ED2.0)G0 TO 19
C3(N)=C2{N)*AG/SORT(C2(1) **24A6**2)
19 CONTINUL :
PKINT,"ONE ELBOw PIPL VIRATIONS'
CALL OUTETI(L,D,T,AL,R1,R2)
CALL OUTPT3(AL2,AL1,t1,R)
CALL OUT2T2(BI,AL4,AY,A2,4]1,42)
CALL OUTPT3(w3)
CALL OUTPT?(A3,A6,C0(1;,C2(1)Y,C6(1;,C3(1),%1,Y(1),02,n5,F9,
A31,A61)
GO TO 15
3 PRTGT, 00O LL30d FIEL TWPLANL AND CUT OF PLAALE VIGRATIONS®
PEINT, *bLITLR THh PIPL LUNGTIS ALL,ALZ,AL3
READ,ALIL,ALZ2,ALZ
PRINT, 'ENTER THh BEND RARIOS®
READ,R
CALL BASCDA(RI,AY,A2,+1,.2,43,5,R3, ?1,0,T, R1,AL,%k2)
ALA={ALI+AL2+3L3)~K*(4-P1)
LL=ALYI*ALZ
IF{LLLED.O)SO TO 71
RA=6%E*3T*(1+AL2/ALY) /(AL2*(2*AL1**2+43*AL3**2))
GO PO 22
21 X4=0
22 X2=(RI*AL+R2*A2)*, 25*(AL1%\L2+2*AL3) :
X3=(1/(2*PIY*SQKRTIGEX4/X2) o :
E“V’T'Kpt 2*‘/"{1)
Gl=1/{{Z*PT)*{ALI4AL2) ) *uaA* {1/SORT(1I+(R2*A2)/(KR1*A1)))

et
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yRO# 00rY
02090 FA=.4375*((R1*A1)+(.67*R2*A2))
02100 4(1)=15,.4
02110 H(2)=50.0
02120 H(3)=104.0
02130 - DO 23 N=1,3
02140 IF(AL1,EQ,0)GO TO 24
02150 CO(NY=H(N)*EM*SQRT(RI}*SQRT(RBI/FM)/(L*PI*AL1**2)
021€0 GO TO 25

02170 24 CO(ri)=0

02180 25 IF(ALZ2.EQ.0)GO TO 26

062190 C2(N)= d(N)*bM*bQRT(Rl)*SQRT(BI’FM)/(Z*PI*ALZ**Z)
02200 GO TC 27

02210 26 C2(N)=0

02220 27 C3(N)=G1*CO()/SQRI(G1**2+CO(N)**2)

02230 23 CH(N)=Gl*C7(N)/SCRT(G1**24C2(N) **2)

022490 © Gri=, 25*% (R14A1+R2*A2)
02250 HM=1,5%*Gu ‘

- 02260 OM=SQRT(G*E*BI)Y/(2*PI)
02270 . 837{1)=22.4
02280 B7(2)=61.7
02290 B7(3)=121
02300 DO 28 N=1,3
02310 C7(N)=0. '
02320 IF(ALI.NE.0.)C7(N)= (ON/SQRT(GM))*(H(N)/ALI**Z) |
02330 C8(n)=0, 1
02340 IF(AL2.NE.0.)CB(N)~= (Oh/bQRT(uM)\*(H(N)/ALZ**Z) 3
02350 DM(N)=0. ‘
02360 IF(AL3.NE.O. )DM(N) (OM/aORT(HH))*B?(d)/(AL3**2) ’j
02370 28 CONTINUE 3
023890 DO 34 8-<1,3 ’;
02390 DO 34 J=1,3 1
02400 CUNL,T)=(CT(N)*DU(JT) ) /SQRT(CT(N) **24DM(T) **2) : 1
02410 V(N,J)= (CS(\)*DH(J))/SQRT(CS(h)**2+DM(J)**2) ;
02420 34 CONTINUE , !
02430 IF(AL2.EQ.0)GO TO 35 :
02440 DL=(AL1/AL2)**3*AL3/(1+(AL1/AL2)**3)
02450 GO TO 36
02460 35 DL=0 ‘ o |
02470 36 IF{LL.EQ.B)GO TO 37 | : k
024389 EL=DL/{AL1/AL2) **3 , : ]
12490 GO TD 38°¢ , ' ‘ ;
02561 37 EL=0 : §
02510 38 LLE=ALI*AL2*AL3 ‘ t
02520 IF(LLL.ER.O)GO TO 39 , ' :
02539 FL=3*E*BI*LL/{ALZ**3*DL) :
02540 GL=1**3T /R1,2%*] ' Lo
02550 TOAD=SQRT{GIY) i 1
62560 T2=1,7320% PQJ*O*/TOAD 3
02570 T3=T2/AL1%*2
62580 . TS=TZ/ALI%*2
02590 WR=A® 5p®nT5
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B8=1,73205081*0M/SQRT(wW6) *SQRT( (ALL1+AL2) **3/(AL1**3*AL2%+3))
GO 70 40

FL=g

GL=0

T2=0

T3=0

T5=C

B8=0

DO 41 N=1,3

BY(N)=0OM/SQRT(HM) *(1/(AL14+AL2))2*2*%87(3)
CY(N)=BB*BI(N)/SCORT(BE**2+BI(N) **2)
PRINT, 'TWO ELBOW PIPE VI3SRATIONS'

CALL 'GUTPT1(E,D,T,AL,R1,R2)

.CALL OUTP10(R,AL},AL2,AL3)

CALL OUTPT2(BI, AL4 Al,A2,Wl,W2)
CALL OUTP11(w3,X4,FM,GM,HM,DL,EL,GL, W6, CO(l) cz2(1), C3(1) c6(l),
)

2C7(1),C8(1),%3,G1,mM(1), U(l 1) V(l 1), 38 T5,T73,B9(1),FL,C9(1)

GO TO 15

WRITE(5,52)

FORMAT{31HDO YOU WISH TO CONTINUZ? Y OR N)
READ, DER

IF(DER)53,53,51

CONTINUE

END

SUBROJTINE INPTDA(D,T,R1, R2 h)

PRINT, 'GENERA" READ,DATA SECTION'

PRINT, 'INPUT THE MATERIAL CODZ OF THE PIPk®

PRINT,' CODE # MATERIAL'
PRINT, 1 TI'TANTUM'
PRINT, 2 ALUMINUM®
PRINT,® 3 STEEL"
PRINT,® 4 OTHER'
READ,B
GO TO(42,43,44,45),B
E=16L6
Rl=,16
. GO TO 46
E=10E6
Ri=, 1
GO TD 46
E=30E6
Rl=,283
GO TO 46 .
PRINT,'ENTER THE MODULUS OF ELASTICITY®
READ,E
P“*JT YENTER THE PIPE DENSITY'

AT, P‘

iT,"INPUT THE SIZE {0ODE OF THE PIPE'

Cops oy PIPE DIMENSIONG®
i 1%.0%1°
2 WJE25K. 0320
204
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03110
03120
03130
03140
03150

03160

03170
03180
03190
03200
03210
03220

03230 '

03240
03250
03260
03270
03280
03299
03300
03310
03320
03330
03340
03350
03360
03370
03380
03390
03400
03410
03420
03430

03440

03450

03460

03470
03450
03490
03540
03510
035290
03530
03240
03550

03560

03574
63580
03540
03540
03510

PRINT,' 3 1.25X.065"
- PRINT,® 4 OTHER'
READ,AA
GO TO(56,47,48,49) ,AA

56 D=1
T=.051
GO TO 50

47 D=.,625
T=.032
GO TO 50

48 D=1.25
T=.065
GO TO 50

49 PRINT,'ENTER THE PIPE DIAMETER'
R:LAD,D
PRINT,' ENTER TdE WALL THICKNESS'
READ,T

50 PRINT, 'ENTER THE FLUID‘DENSITY'
READ,R2
RETURN
END
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SUBROUTINE BASCDA(BI,Al,A2,Wl,wW2,W3,G,R3,PI,D,T,R1,AL,R2)

BI=(PI/64)*(D**4~(D-2*T)**4)
Al=(PI/4)*(D**"2~(D-2*T)**2)
A2=(PI/4)*(D-2*T)**2 ‘
Wi=R1*AI*AL

W2=R2*A2*AL

W3=wl4w2

G=386

R3=R1*A1+.25%*R2*A2

RETURN

END

SUBROUTINE OQUTPT1(E,D,T,AL,R}l,R2)
WEITE(6,100)

100 FORAAT!/////,1OHINPUT DATA,/,9X,1HE, 11X, 1HD, Y 1X, 18T, 11X, 4L, 10X,
Z3HPHO, 9%, AHFRHO,/, 8%, 3HPST, 10X, 2HIN, 10X, 2HTN, 10X, 2HIN , 7X, THLES/ING,

26X, THLRS/ING)
WRITL{6,10}}E,D,T,AL,R]1,R2

101 FORMAT{2X,5E12.4) :
ROTURN ’
ERD

SURROUTINE OUTPT2(BI,AL4,A1,A2,W1,W2)

WRITE{G,98)
96 FORBAT({//,10UBASTIC DATA)
Wt 5,102}

2 80
Z

01)B. ,ALE,A1,A2,WL,wW2
£E12.4)

20%

9%, H1,10%, IHCLL, 8, 5HFAREA, 7K, SHFARES, X, JHFWT, 9%, 3iFwT )

}
JHTHAI0Y, 2HIN, 9X, 3HINZ, 9%, 3HTN 2, 9%, 38LAS, 94, JHLES)
i

T

W

B ik’




03620
03630

3640
03650
03560
03670
03680
03620
03700
03710
03720
03730
03740
03750
03760
03770
03780
03790
032800
03810

03820,

03830
03840
03850
03860
03870
03880
03820
03900
03910
03820
03330
0394¢
03358
03360
03370
63¢30
03990
G4000
04010
04020
04030
04040
D£050
04069
GAanTH
04080
gaaas
G41045
94316
84120

] o o~ EYCT S A iade S o A ro oy
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END
SUBROJTINE OUTPT3(w3)
WRITE(6,103)W3 :
103 FORMAT(/,8X,4HWTCT,/,8X,3HLBS,/,2X,1E12.4)
RETURN
END ;
SUBROUTINE ©OUTPT4(AL,FO,F2,F3,F4,F5)
WRITE(6,104)AL
104 FORMAT(//,11HOUTPUT DATA,/.35HINPLAKE AND OUT OF PLANE VISRATIONS,
2//.,11HPIPE LENGTH,lEl2Z.4,2X,28IN,,/,
2234 N TRANS FREQ(HZ) LONG FREQ(HZ),/)
J=1
WwRITE(6,124)3,F0,F5,F2,F5%2,F3,F5%3,F4,F5*4
124 FORMAT(I2,3X,1E12.4,3%,1E12, 4,/ 28 2,3X,1E12.4,3%,1E12. 4,/ 2H 3,3X,
21E12.4,3X, lle 4,/, 24 4, 3X,1EY2.4,3X%, 1n12 4)
RETURN
END
SUBROUTINE OUTPTS{TO,R,P1,P2,Q1,Q2,w0, c1 S, M)
. WRITE(6,106)
106 FORMATE/,7X,5HTHETA,9X,1HR, 10X, 24P1, 1ox 2HP2, 10X, 2BQ1, 10X, znoz)
WRITE(6,91)
91 FORMAT(BX,BHDEG,IOX,ZHIN,9X,3HPSI,9X,3HPSI.9X,3HCIS,9X,3HCIS)
WRITE(6,92)TO0,R,P1,P2,0Q1,Q2 :
92 FORMAT(2X,6E12.4,/)
WRITE(6,93)
93 FORMAT(8X,2HW0,10X, 3HCEE, 9X, 2HSK, 11X, 1HM)
WRITE(6,94)
S84 FORMAT({8X,3HRPM,9X, 2HIN,9%,5HLB/IN) ,
WRITE(6,95)w0,C1,S,M ,
95 FORM&T(ZX,4EI2.4)
© RETURN
END
SUBROUTINE OQUTPT6(W3,C3,F7,Q8,F8,wW3,F6,09,Y9,A9,PT)
DIMENSTON C3(1)
BASL=C3{1)/(2*PT)
BALL= wa/(zt 1)

WRITE(S,97) '
97 Fdr'*T{/ 8X, 4HWTOT, 8X, 24" 7, 10X, 2HFQ, 10X, 2HFH, 9X, 4HFVCLL,.9X . 2HWK)
WRIT £107)

‘107 FOP“X”(S{ 3HLBS, 9%, 2HHZ , 10X, 2HKHZ, lﬂx 2HHZ,10X,2HHZ,10X, 2HHEZ)

WRITE(A, 93)w3 BASE,F7, oa F8,BALL
98 FOFMATI24,6E12.4)

WRITE(6,99)
{/,8%,2HFP, 10X, 24FV, 10X, 3HYST, 9¥, 2HAQ)
‘:\,‘)4)
(ETT{RN, JHLAS, 09X, 3HLARS, 9%, 2HIN)
TE{ALRBIFR, 11,,1 PR
”if‘?ﬂ,dFii 4)

65 ¢

CIFTISE QUTRTICO.C2,06,03,PF,81)
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04130 DIAENSTION CO(1), C2(1) C6(1),C3(1)

04140 WRITE(6,108) .

04150 108 FORMAP(// 11HOUTPUT DATA) ' ‘
04160 WRITE(G,66)

04170 66 FORJAT(2X, SNX(IN),7x,QHSUMF,SX,5HY(IN),SX,ldN,SX,BHF(N)(HZ))
N4180 DO 125 J=1,N1

04190 WRITE(S, 109)C0\J) C2(J),C6(J),J3,C3(I)/(2*PI)"

04200 109 FORMAT(F&.4,2%X,f9.4,2X,¥F3.4,3%X,12,1%X,F11.4)

04210 125 CONTINUL

04220 L=1+1
C4230 DO 105 J=L,19
04240 WRITE(6,110V3,C3(J)/(2*FI)

04250 110 FORMAT(32X,12,1X,Fll.4)
04260 105 CONTINUE

342790 WwRITH(6,71)

04230 71 FORAAT(////)

04230 RETUR:

04300 B D ‘ '

74310 SUBROUTINE OUTPT8(AL2,AL1,H1,R)

34320 wiRI'TE(6,111)AL2,AL1,H1,R

04330 111 FOR4AT(/9X,2HL2,10X,2iiL1,7X,7HAL2/ALY,8X, 1HR,/,9X, 2HIN, 10X, 2H]d,
G4340 222X, 2HIN,/, 2%, 4b12 4)

04350 RETURN

€4360 E~xD

04370 SU3ROUTINE OUTPTI(A3,A6,C0,C2,C6,C3,T0,Y,02,w45,F9,A31,A61)
04320 DIMENSION C0(3) Y(50),C2(3),C6(3),C3, 3)

04399 J=1

544150 WRITL(6,112)

04410 112 FOR4AT(//,1140UTPUT DATA,/, 13HINPLANL VIGRATIONS,/)
4420 WHRITE(6,129)
G4430 129 FORLAT(IX, ﬁqu.AXF,)X,GHLZ.AXF,5X,1HJ,2X,7HL1.B(J),5X,7HL2:B{J).5X.

04440 STHLYI:F{J),5X,7THL2:F(J))

0445y wWRITEL6,130)

04460 130 FORMAT(11X,2!i12,10%,280%,11X,2482,10¥%,2H12,10X, 21142,10X, 2HHZ)
04170 WRITE(6,131)A3,A6,3,C0(1),C2(1),C6(1},T3(1)

044480 131 FORAAT(4H 1.0,2£E12.4,3%X,11,E10.4,3L12.4,

g4§43n . J=2 ' .

0404 ARIT:(5,200)A31,A61,3,C0(2),C2(2),C6{(2),C3(2)

04%30 200 FORAAT{4Y ,33,2E12.4,3X,11,E10.4,3E12,4)

::o L=3 .
© WRITR(6,1131)L,CO(L),C2(L),C6(L}),C3(L)
113 FOR®ATIZIN,T},E10,4,3£12.4)
WRITEIE,114)
114 FORMAAT(//,2340UT QF PLANE VIBPATIONb /)
wPIit(ﬁ,,\)
T prnHFmLTA 7% SHALFHA, 3x,JHuCF 8X,5HSPEED, 7X, 4HFRED)

INNEG, YK, THRADSSEC, TX, 3HRPM, 9X, 2HHZ)

}

YTO,Y150),99,02,F9
5n12.4)
)
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04640
04650
04560
045670
04680

04690

04700
04710
64720
04720
04740
04756
047€0
04770
04780
04790
04800
04310
04520
u4830
04340
04350
04860
04370
04880
04290
04900
04910
04920
04930
04940
04950
04960
04970
04989
049°0
05500

¢s50140 -

05020
5014
30473
65056
05050

05079
45020
05590

72 FORMAT(////)
RETURN
END
SUBROUTINE OUTPlO(n,Aul AL2,ALS)
WoT7T.{6,115)R,AL]1,AL2,AL3
115 TORMAT/, 9%, 1dR, lﬂx 2HL1,10%,24L2, 10X, ZHL? /.8X,2HIN, 10X, 20T,
210, 241N,10X, 2HIN,/ 2X, 4512 4) :
RETURM , ;
END P
SUBROUTINE OUTPI1(vi3,Xx4,FH,GM,HM,DL,L,GL,w6,C0,C2,C2,C6,C7,C8,X3, g
ZG1,p4,U,v,88,T5,T3,R9, FL c9) ‘
DIAENSTON CO(l),CZ(l),C3(1),C6(1),C7(l),CB(l),DM(3),U(3,3),V(3,3)
DIMENSTION B9(1),C9(1) :
WRITE(6,116)
116 FORMAT{/8X,4dwTOT,8X, 3HXTK,9x 411MUCP, 84, 44MUCF, ux 4HHUFb 8X,3HL3A)
WRITE(6,132)
132 FORMAT(BX,JHLBo,SX,SNLB/IN,7X,5Hud/1h,7X,SHLB/‘N,7X,JHL3/IN,8X,
S2HIN) '
WRITE(6,58)w3, X4, Fi4,Giv, Ht1, DL

58 FORMAT(2%,6L12.4)

' WwRITE{6,59)

59 FCRMAAT(/,8X,2HL3B, x,3dL1K,3X, 3Hu2n,9¥ 4HL3Ew)
WRITE(6,60)

60 FORbAT\BX,pufm,lﬂK 2HIN,9X, SHLG/IN 8%, 3HLB3)
WRITe(6,8))EL,FL,GL, w6

61 FORMAT{2X,4:12.4)
WRITE(S,62,

62 FORMAT(//,11lOUTPUT DATA,/,l8HINI'LANe VI3RATIONS,/).
WRITE(6,1121X3,G1,nH{1),Dn(2),dM{3)

119 FORMAT(?X,6HXTFREQ,6X,6HAXERBQ,4X 9HL3:FFF{1),3X,94L3:FFF(2),3X,
Z9HL3:FFF{3),/,9%,2HH2,10%, 24R2, 10X, 2Hd2,10%, 2412 ,10%, 2HHZ ./ , 2X,
Z5E12.4)

WRITE(6,117)
117 FORMAT(/1X, HJ,4%,9HLYL:CPF(J),3X,9HL2:CPF(J),3X,9HLLI:CPA(J) , 3X,
Z9HL2:CPALT) , 3%, 9HLL:CFF(J),3X,9HL2:CFF(J),/, 9%, 2HHZ ,10%, 2HJZ, 1UX,
Z2HHZ , 10K, 28172, 100, 2dHZ, 10X, 24HHZ)
DO 1)7 J=1,13
WRITL(6,11%)Y3,C0(3), CZ(J) C3(J),Ce(J),C7(J),CH(T)
112 FORUAT(TZ,6L12.4) : :
27 CONTTINUE ‘ , i
WRITE{E&,120) !

120 FONART’/ 1%,1d4J,1%, 14511 : L3FREQ(1,J), 2X, 1 4HLL: LBFRLQ(Z,J) X, -
$14HLL: 3vqr0(3 J) 2x 14452 L3FP 50(1,3), 2%

S1auL2:L3vrE{( 2, J),Z? 14HLZ2: LAFREQ(3,J))

WEITE{S,h3)

£3 FOPMATI®X, 2442, 14x,2ﬂﬁz,14x,2HHz,14x,2aﬂz,14x,2daz,14x,?HﬂZ)
BO 128 3-1,3 :
MRITHIE, 121)1 01,3}, 00, ,ul3,),vi1,5),vi2,3),v(3,1)

: {l( T1,1%,31812.4,%E16.4)

WHITE(G,122}B8,T3,T5
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lRoncOleuRnxsnxnroppc !

'

NS150 122 FORMAT(//,234001 JF PLAE VIdRATIWNG,//,7X,50L3:6F,7x,35HL1:TF,7X,

05160 Z5HL2:TF,/, 8%, 214, 10X, 24002, 10X, 21112,/ . 2X, 301 2.4,// 1%, 14T, 4X,
05170 ZTHINOE(J) (4%, 9ULY:CBA(J) , 3K, 5HL2:CPA(J), 2X, LOHLL: L23F(J))
0514390 VY 67 J=1,3

05190 wRITE(6,123)3,C9(3),C3(J),CA(.T7),39(J)

05200 123 FORGAT(1X,T71,4:12.4).
05210 67 CONTINUL

95229 witITe{6,30)
U523 37 FORPBAT(////)
05240 RLPUK
25259 N D
tsfe
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§
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TABLE B2
LIST CF SYMBOLS
COMPUTER PROGRAM
FRINT OUT DESCRIPTIONS UNITS
E Pipe Modulus of Elasticity LB/'LN.2
RRO Pipe Density 18/
FRHO  Fluid Denstty Bl3N,

D Pipe Outside Dianeter IN,

T Pipe Wall Thickness IN.

N Mode Number -
THETA Bend Angle DEG.

Ll, Lz I.3 Length of pipe segwents IN.

L Total pipe length, Ll + 1.2 IN.‘

I Second Moment of Inertia IN,
PAREA Pipe Cross-sectional area IN.z
FAREA Flew Area IN.2

PﬁT Pipe Weight LB.
iwl Fluid Weight LB.
ot Total weight, pipe + fluid LB,
ALTHA Frequency Factor ‘ -
NCF Natural Circelar Frequeney RAD/SEC
FREQ Natural Fregquency HZ
SPEFZD Pump Speed RPH
R Bend Radius IN.
X Centerline leagth IN.
L1:AXF L2:AXF Axial freguency, leg 1 and leg 2, B2
respectively
L1:3{I),L2:83(T} Bending fre--ency, fixed-ninne&, mode(Y), BZ
' leg 1 and ez 2, respecttvely
"L1:F{1),L2:F{1})  Coupled sxizl-bending frequency, mode(I), ;¥4
. leg 1 and lep 2, respectively y
¢ Acceleration of graviey w/sce.?
Travslational spring rate 1B/,
Muc? Helght per unit length, f{red-pinned end LB/IN,
condivions
MUy Welzht oer unit length, fixed-fres LRSI,
WUFF B/,

Walght rer unilt leogth, fiwved-Tired

210
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COMPUTER PROGRAM -
PRINT OUT

L3A, L3B
CLIK, L2K
LIEW
XTFREQ
AXFREQ

DESCRIPTION

Torsionzl moment arms
Torsional spring rate
Crosspipe effective veight
Translational frequeacy
A#zal . requency

Ll:CPF(I),LZ:CPF(I) Bending frequency, fixed-pinned. mode (1),

leg 1 and leg 2, respectively

L1:CPA(I),L2:CPA(I) Coupled axial-bending frequency, mode(l),

leg 1 and leg 2, respectively

1 CF?(I) L2:CFF(I) Bending frequency, fixed-fee, mode (I),

"L3.FFF(J)

L1:L3FREQ(1,J)
L2:L3FREQ(I,J)
11:TF,L2:TF
LJ3:BF

L1:L2BF(J)

BNDF(J)

leg 1 and leg 2, respactively

Bending frequency, fixed-fixed, mode (J),
leg 3

Coupled frequency, leg 1 and leg 3 ‘
Coupled frequsancy, leg 2 and leg 3
Torsional frequency

Bending frequenéy, leg 3 as a concentrated
weight

Tending frequency, leg 1 and leg 2 as dis-

.tributed weights

Coupled frequency, leg 3 with legs 1 and 2

21l
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INPUT DATA
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pPol
L1500E+43
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TABLE B3
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15 BEST QUALLTY PRACTICASLA
MIS PAGE IS C
' FroN COPY FURRISHED T0DDC
~ ,
MAGNIFICATION FACTORS
TABLE B3 (CONTINUED)
I:iDT SATA :
[ n N L Rul FRIY
Pul IN Tt IN L38/T6i3 Les/I163
16U +0n +1300L+01 «9106GL-01 ,5320L+02 «160GL+J0 .3140&-01‘
UM R rl P2 ] 02
SYER I Pyl P51 Cls CIs
«9NuaL+N2 «3900E+01 . 3000L+04 0, «7700E+01 0.
w() Cuk oK 1
)Py S Iw L/ Iy
L1600 +04 « 26563402 «1290L+04 0.
TALTC DALY _ : ,
1 CLL PA LA WA REA Puw'T +uT
I1.:4 1.4 N2 1.2 Lds Lo
L17170-01 «5223L+02 S1320e400  ,6333L4+00 «1294c+01 .1055L+01
TNy Wr r Fii FVLL wd
Lo i3 dZ HE R 7
« 23521401 . L2713c+02 0. ..1900u+04 «1210L+02 U,
13N 1Y% o1 Ay
Las | O Ixn
L1700 0403 L9000 04 L1004 402 «3831L401
ouTeeY paea
(T SULF Y{1ud) o E{er) (HZ)
J.nuoy 0, 0000 0.0000 1 27.1772
3. 3000 + 1525 -4.8381 2 10¢,7090
PR L0942 7.4226 K] 24}.5452
K ST «4525 ~4.5351 1 $34.13359
53, Ty RPN 1) «O0YJ 5 57%.4311
‘ [ 74,3304 .
7 1331.744 , , ;
- 1739.343¢0 . i
3 2241.3567 ol
10 © 2717.72414
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IN
+3000E+01
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INg
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LBS
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Lig
IN
91308401

0
N
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L8/ IN
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L1K
T
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TABLE BS

T
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APPENDIX C

DERIVATION OF EQUATIONS

HYDRAULIC LiNE MECHANICAL RESPONSE COMPUTER PROGRAM

Cl. ONE-ELBO¥W PIPE, OUT-OF-PLANE, VIBRATIONS

Ana’.ysis determines the fundamental out-of-plane frequency of a one-
elbcw pipe with ends fixed. A force, F, is applied at the elbow normal to
the plane defined by the centerlines of the pipes. The force then causes a
downward deflection of the elbow. A free-body diagram in Figure C-1 ghows
that .a single bend pipe can be split into two cantilever pipes with the
appropriate forces and cancelling moments. These are depicted for leg 1
and the reverse wculd be applicable to leg 2 by use of different subscripts.

There are three condirions to be considered:

o torsional rotation due to a moment

Gft Tt (c-1)
where Qtis the angle of rotation, radians
T is the torsional momen%, in - 1lbs
L is the pipe length under torsion, in.
GJ is the pipe torsional rigidity, lb-in?
o - rotations due to a force and due to a moment applied at the
free end
.= f_l:?- ‘ .
F 2E1 (C-2)
. ML
w" F1 (c-3)

where M is the bending moment, in-lbs

o deflactions due to a force and due to a moment applied at the

¥

free end

5. EC
F 3e1 - (c-4)
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where J is the deflection, 2Znches.

For compatibility of end rotetions, the geaeral relationship for the

.pipe legs defined by lengths L; and Lj is

6;+6,,= B c-6
Consequently the expressions for each leg 1s obtained by substituting
equations C-1 thru C-3 with appropriate subscripts.

2
MLy + ML = FLy
GJ; EI\ zﬁll .
M2l -+ M&Ll F’-E‘}_ o c-3
GJ, €l 2EI, .
Sclving equations C-7 and C~8 for My and Mgz, respectively.

Mq' F‘Lj[ é:l’»"( ] , s

M,z &Lz T | c-10
(5&\,(“3.)“

For cor ratibility of end deFlections, the net deflection for leg 1

For leg 1,

For leg 2,

must equal that fcr leg 2.

Thus,
J,J ._.f.!g_ oML - c-11
' ' Usg1, 2EI,
85-6,= B _ M '  c12
TTtT3E1, 28I, ‘

Considering that there is no change in physical characterietics from
one leg to another, the second moment of inertia for beth legs are the same,
and thke polar inertia for a circular cross-section pipe is twice that of the
second moment of inertia. By substituting equations C~9 and C-10 into C-11

and C-12 respectively, the erpression for the deflections are

-321 14 £ (h}
25 ‘
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Solving equations C-13 and C-14 for the components of th~ applied
force res.lts in

C-14

‘ 3ET
F‘=8 7. A } | C-15
. {] [| -';Iif*j—j—] .

G\ L,

e 5{"'{[‘ ‘|+£ h)]} | | IC-16

Noting that the applied force 1is defincd as
F=F,+F, c-17
The deflection due to the applied force can be written as

S 4
Fo

3EI Cc-18
3 \- 3%& ] 3/4 ]
(M" J) "G‘

A simplification is made by setting the ratio of eg lengths to be unity
which means that each leg length is equal to half of the total pipe centerline
length. In addition, by assuming the bending rigidity to be approximately
equal to the torsional rigidity, equation C-18 reduces to

d . \ .5 01-‘__) ,
- 3E1 321 T amalE] ' C-19
b, B AN L\w’{
T TG
It is interesting to note that Reference (c) indicates that the maximum

deflection of a pinned-pinned beam with uniform weight dietribution is -
identical to equation C-185.

The spfing rate of the single bend pipe is defined by the inverse of
equation C-19 or
K= 3?4" ( " ¢-20

The natural frequency of a system is given by:

220
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where K is the spring rate, 1b/in.
g is the acceleration of gravity, 386 in/sec?

We is the effective weight, 1bs,
f is the uatural frequency, Hz.
The next step is to determine the effective weight of a one-elbow pipe.

It would be reasonable to assume that the effective weight is the average of
the effective weights of a cantilever pipe (Wg.) and that of a pipe with

fixed ends (wef).
To determine these effective weights the expressions for the respective

deflection for che cantilever beam is given as a quarter sine wave

g B)

where y, is the maximum deflection

x 1s the distance measured along the beam from the fixed end

L‘vis the length of the cantilever beam. ,
The effective weight is obtained by evaluating the following integral

We = '!'/"JL/-%-)Z&X o | c-23.

L\t

Applied to the cantilever beam results in

Lt 2,
") =ﬂ‘ll-cosi§.)dx
P A T8

. L
- _V‘i[x-t':s.‘nf‘,’£+.¥.+.‘:sin;“2‘.
[ T 2L 2 2% L o

C-24

a
W[’éi-.ﬁ.],, 023 W

Similarly, Reference Cl defines the defleztion of a fixed—fiied beam
as = cogsine wave

%in‘,(;_ ws?-?:x) c-25
2 L ,
and the effective weight is determined by substituting equation C-25 into
c-23.
221
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2
L
-W{ -_L;stnz_':x+§.+l'.siﬂﬂx‘]
4L_x n L LI TR S Y
W[' L 3 ‘ Cc-26
- + - =""‘W
4L L 2 & '

‘Consequently the effective weight for the one~elbow ﬁipe with equal

length legs is

W= Wee + Wer _ 0.23;W+0.‘51S'W=o'3osw- .

2 2

substituting equationsC-20 andC-27 intoC-21 , the fundamental natural

frequency is

-

NG %')
F"zn ( 5 :i(l? GETHY

(90~deg bend

angle),

where the frequency factor ef =

and the remaining parameters are identical to those used in

beam theory.
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Id define the fundamental frequen~- variation as a function of the bend

"angle, the special case of equal leg lengths provides the lower boundery of
' the frequency factors and in turn similarly affect the natural frequency.

Thus for the case of a zero bend angle, shown in Figure C-2, the natural

frequency is obtained from Reference Cl. for a dual cantilever pipe.

_3s2 E@DY _ & [E1e
T 2R YWEY T 2R w@3 ¢-29

where the ftequen;:y factor o = 14. 1 (zero~deg bend angle).
Similarly, for a 180-deg berd angle (a straight pipe with fixed ends)
‘the frequency factof of 22.4 is obtained directly from Reference Cl.
The upper frequency factor boupdary is defined by having the‘ ratio of

Lzlt.l = 0 wvhich means again a etraight pipe with a 22.4 frequency factor.

Thus with the limits estsblished the intermediate values can be estimated.

The results are summarized in Figure €C-3. The computer program based

on the above analysis is shown in Appendix B.

BEND ANGLE 90°
FREGUENCY FACTOR 159

BEND ANGLE 1800
FREQUENCY FACTCR 22.4

BEND ANGLE 0°
FREQUENCY FACTOR 14.1 r

Ny 1

) %\l

FIGURE C~2. ONE~ELBOW PIPE OUT-OF-PLARE VIEMTION.‘S\‘
EFFECT OF BENWD ANGLFE L2/12 = 1.0
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2 l T ! T T
La/Ly . -
L2
i/
: S
8 L1
s
U
> P
‘é (14 386E!
2 R S
g 27 ¥ w3
'
Sve Qescription  Units
f Frequency Hz
E  Modulus of elasticity  psi
. | Second inertia in4
14 ! | l [ \ W Waeight, pige + fluid tbh
0 30 60 90 120 150 180 - Yth2 "
‘ Pipe Bend Angle, 8 - deg arreees-n
FIGURE .-3 FUNDAMENTAL OUT-OF-PLANE FREQUENCY PIPE WITH A BEND
C2. TWO-ELBOW PIPE VIERATIONS
Ca. Torsional Mode - This mode is an out-of-plane rocking motion of the
crosspipe, Figure C-4, caused by the bending of thé other two legs. Thus,
the deflections 6‘ and SZ are defined as 3
S5 %\ . FL c-30
b/"3E1
The corresponding spring rates for each leg are as follows
3£l 3E1 |
L‘K,; e LZK: C-31,C-32
‘ 3 3
L 2
considering the effective weight to be
MUCF = 0.25% [RHO * PAREA + FRHO * FAREA] c-33
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R

FIGURE C-4. HYDRAULIC LINE MECHANICAL RESPONSE
TWO-ELBOW TFIPE TORSTON MODF

The natural frequencies due to torsioral mode are

'rTK~-L-/§?é;fﬁ?
e 2ny. MUCF

L2:TK =L [386xL1ZK
Zi MUCF

Crosspipe Translation - This mode is an inplene motion of the crosspipe

as depicted in Figure (-5,

compression in the members, and considering cﬁly bending, section AB

is bent by two moments of equal magnitude but in oppesite direction.
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The total deflection,é;, is composec of the deflection due to bendiﬁg of
legs L, and I‘Z' and the deflection due to rotation at joints A and B.
Thus,

15' . S T
FLy(eL+3L
5: VOL!, + O(L3=' 2L 3 13) c-39
3el GEI(\4 L2/L,)
The corresponding spring rate is given by
L F eEI(14%L) e
XTK=—= ——
25 1.21<}ZL1 *“3‘—3‘)

For the special case of equal leé lengths, L = L1 = L2 - L3. the spring

rate becomes

VZEI
XTK:.- . C-41
. 513
Considering the effective weight of the system to be defined by
XTWE = 0.25% (RHO*PAREA+FRHO*FAREA}*(L,+L, + 2 * L) : C-42

The natural frequency is determined by substituting C-40orC-41 , and C-42

into

XTEREQ = ! 386 % XTK | i
T 2n XTWE -

C3. REVERERCES

Cl. R. J. Roark, FORMULAS FOR STRESS AND STRBAIN, McGraw-Hill, 1965,
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APPENDIX D
F-15 PUMP MODEL CHANGES ,
HYTRAN User Manual (AFAPL-TR-76-43, Vol. b))

COLUMN FOWMAT DATA DIMENSTONS
1~10 EL0.€ ¥ pheoretical Maximum Pump Displacement IN**#/REV ’
21-20 E10.0 Maximum Actuator Displacement @ Maximum flaw 1 IN
21~ 30 £10.0 Minimum Actuator Displacement @ Minimum Pump

Flow ( -ve) iN
31-40 | EX0.0 [ Flat Depth IN
41-50 F10.9  Minimum Actuator Engagement IN
51-60 E10.0 | coefficient of Pump Leakage CIS/PSI
61-70 £10.0 Coefficient of Leakagé from Case to Inle: C18/Ps]
71-80 E10.0 | case Volume IN#*3
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APPENDIX E
VANE PUMP MODELS

.SFR USER MANUAL (AFAPL-TR-76-43, VOL. III)

2.3.10 Pumps (Variable Displacement, Vane)

When a pump model is used, it should always be the first element in the system
and identified as an NTYPE "9" element. This number is the gereral pump element
designator. To specify the vane pump model a KTYPE "15" must be entered in columns
6-10 of the first pumpvdéta card.

The complete vane pump model (SUBROUTINE VPUMP) is based on actual physical
dimensional data of the pump. Phyéical data for a given pump is read into the
element data list in the same manner as for the other system elements.

input data for the complete vane pump model requires two data cards. In ‘
addition, a BLOCK’DATA section must be 1c¢ded‘aftgr the "ENP; statement of
the main SFR program to provide other v;ne pL:yp parameters. Required card input
data 1s described in' the following tabies.

Input data for the vane pump model must include a description of‘the system
pressure drop characteristics. Tﬁe éollowiﬁg generalized‘equation for system flow
and pressure is used in the model:

AP = CK1 + CKL * Q + CKT * Q ** 1.75 + CKV * Q¥*2

Where

AP = Vane stage pressure rise + reservolr pressure
Q = Pump overboard.flww (C18)
CKI,.CKL. CKT,‘CKV = System coefficients described on input data cards

The datz cards are supplemented by the use of a BLOCK DATA attached to the

end of the main HSF¥R program. The BLOCK DATA initializes arrays providing cam position .

" versus pump flew and the rate of change in vane bucket volume versus rctation angle.

4 listing of BLOTK DATA is shown in Figure 2-6. The arrays in BLOCK DATA ave:




CAMP( ) = Cawm position (IN)

CQMAX( ) = Max flow at cam position (Clk)
}NéLE( ) = Vane angle rotatioa (DEG)

pvoL( ) = i—yﬁ%—’“ﬁ at vane angle (Iﬁ**alsac)

NA(1) = Number of input DVOL at each cam setting

NA(2) - Number of different cam settings (The cam settings 2re stored at the
end of the ANGLE( ) array)

CAMPI( )= Inverse of CAMP( ') array

CQMAXI( ) = Inverse of CQMAX( ) array
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VANE PUMP MODEL INPUT DATA
CARD NUMJER 1
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COLUMN FORMAT DATA DIMENS10KS
1-5 I5 NTYPE = 9 -
6-10 15 KTYPE = 15 (VANE FUMP) = 1
11-20 | £10.0 BLANK -
21-30 E10.0 SLOTWO (CAM SLOT WIDTH-OUTLET) IN
31-40 E10.0 COEPLK (COEFFICIENT OF PUMP LEAKAGE) CIS/PS1
41-50 E10.0 THPRS (VANE PRESSURE SLOT START ANGLE\ DEG
51-60 E10.0 THPRE (VANE PRESSURE SLOT END ANGLE) SEE DEG
‘ TIGURE
61-70 EID.0 THSUCS (VANE SUCTION SLOT START ANGLE}2-7 DEG ‘
{
- 71-80 | E10.9 THSUCE (VANE SUCTION END ANGLE) / DEG
EXAMPLE CARD
J—— RIS B

EmtoatRe Ak o i e =

e e Sk - T e e
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e gl e AR
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VANE PUMP MODEL INPUT DATA
CARD NUMLER 2

COLUMN | FORMAT DATA DIMENS IONS
1-10 E10.0 | 1PRESS (INLET PRESSURE) PSIL
11-20 | E10.0 | SZCAM (INITIAL ZCAM POSITION) CIN
21-30 | E10.0 | VVOL (MAXIMUM VANE VOLUME) IN3
31-40 | E10.0 | PQOVBD (OVERBOARD FLOW) c1s
41-50 | E10.0 | CK1 (SYSTEM CONSTANT PRESSURE RISE) _PSI

-
51-60 | E10.0 | CKL (SYSTEM LAMINAR TERM) PSI/CIS
61-70 | £10.0 | CKT (SYSTEM TURBULENT TERM) PSI/CI5**1.75
71-80 | E10.0 | CKV (METERING VALVE TERM) PSL/CIS**2
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c b b & MAY 13,197*¢ LT 2]}
COMPON JVANEZCAMP{LL),COMAXILY)»ANGLECI3),OVOLIBL) A NAL2)
+ sCAMPT(11),23MAXI(11)
DA%&QC:Hgg.)Sa.379>p.9755..)73,.169..062:.053..361%.,027.
+
oi557;o§A;/o...0137..0375..,8L3».1375..225,.337»..4375..5ea7.
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.°3£$851"§§$""" 2450027500615 0753900€2543695.7735.7765)
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" FIGURE 1-6

VANE PUMP BLOCK DATA INITIALIZATION
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FIGURE 2-7
VANE PUMP CAM BLOCK PARAMETERS
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. APPENDIX E (CONT.}

HSFR TECHNICAL MAMNUAL (ATAFL—TR-?G-@?. VuL. IV)

1.8 LLOCK DATA - MAIN PROCRAM

BLOCK NATA is used to initialize values in lateleu COMMON/VANF/, The

labeied COMMON‘is used to pass the funitialized data to the YVANE PUMP
CUBROUT INE.

T.e arrays in COMMON/VANE/are:
' CAMP( ) = Cam position (1)
' COMAY ( ‘) = Max flow at cam vozlition (CIP)
ANGLE( ) = Vane angle rot.tion '(DEG)

ey e smstest i b b St e

DVCL( ) = dVolume  at vane wngle (IMA*3/3FRC) !
dt :
1
NAYL) = Number of iapit LVOL at cach cam serting !
NA(2) = Musther of cifferent cam s-ttings (The cam settings §
ave stor~d a. the sud of the ANGILZ( ) array) .

CAMPI( ) = Inverse of CAMP( ) array ‘
COMAXI{ ) = Inverse of CQMAX( ) array i
;
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3.8.1 BLOCK DATA - LISTING
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APPENDIX E (CONT.)

HSFR TECHNICAL MANUAL (AFAPL-TR-76-43, VOL. IV)

4.15 VANE PUMP SUBROUTINE

4.15.1 Introduction and Flow Diagram

SUBROUTINE VPUMP is a general, detailed model of a balanced variable dis-
placement vane pump. ‘'The mcdel computes the ability of the pump to deliver flow
against an'output pressure by modeling the nonlinear relationship between pump
output flow and pressure in the time domain. The main program calculates the
harmonic load imﬁedance of the circuit, and this provides the‘linear phase ‘and
gain relationship uot;een the harmenic flows into Ehe ioad and the corresponding
bréSSures across the load, in the frequency domain. The balance is oﬁtained in tﬁe
time domain, although a check {s performed in the frequency domain.

The vahe puﬁp model accounts for valving areas, precompression, gteady state
cam position, fluid bulk modulus, pump internal leakage, circuit termination flow
and vane motion. Steady state cam ﬁosition is calculatéd as a %uné—
tion of pump internal leakage, circuit overboard flow, and pump speed. If the
cawm position is a minimum corresponding to maximum pump flow, the steady ététe
pressure is calculated at each RPM. 'The dynami~ns of the caﬁ controlling circuit are
not included in the model.

Vane bucket pressure at the beginning of preccmpression is assuﬁed constant

and equal to one plus the input steady state ‘inlet pressure. Piston pressure is

‘then computed continuously until the end of the compression stage.
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Figure 4-6 is a general flow chart of the VPUMP subroutine. The specifiration
section 1n;1u&es initialization of variables from input data, and the calculation
of several constants. Specification sgatements ar2 followed by the initialization
of pump variables from the input data and calculates the vane indexing positions
for 180° of vaﬁe revolution. These operations are perforhed only once, when VPUMP
is called on the first pump speed. Steady §tate bump outlet pressure and over-
board flow for a cam pésition are then calculated. The gubroutine will pext
determine if the pump is on control at the given RPM and assign a value to the
control indicator - ICTL. After this is accomplished the precompression pressures
are computed. Pump outlet flow Ls calculated for each incremental bucket volume
and then a Fourier Analysis is done of the zesulting computed forms. If the
pump is on contrcl, the corfected cam position is déterminédm The Fourier
Analysis 1is completed to calculate harmonic flows up through the user input harmonic.
Harmogic pressure and flow are then balanced dynamically by reconstructiné the time
dependent output pressure #nd recomputing flow from 3ection 4. Pump‘outlet
flow and pressure for the harmonic of interest are then returned to the main program.
The VPUMP subroutine is divided into sevén.sections. Euth section is

discussed and a listing provided in subsequent paragraphs.
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FROM MAIN PROGRAM

Call Arguments
® Pump Start Speed (WSTART)
Pump Speed for Currert Calcutation (Y)
Outlet toad impedance for Each Harmonic {ZIP)
Harmonic of Interest {NHARM)
Steady State Flow Rate (PQOVBD)
Steady State Output Pressure (PRESS)
Pump Speed Increment (WINC)
No. of Vanes (PISTNO}
inlet Load impedance for Each Harmonic (ZAP)

rSoeciﬁcation Statements ]

Check Speed

Y = WSTART

Y = WSTART

Initialize Pump Variables from Input
Data Array Parm { )}

I Section 1 - Compute Valving Index Positions I

Section 2 - Calculate Steady State Pressure
and Overboard Flow for 3 Cam Position

!

Section 3 Test ii Pump
is on Control

[LEAK = QMAX-QOVBD |

OMAX.GE.
POQ0OVBD + LEAK

On Control
ICTL =1
Nct on Contrel
ICTL = 0
Catculate Frecompression
Prossures
GPID 0889 19

FIGLURE 4.8
HEER WANE pUMP
Subrautire Fiow Chart
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— Section 4 - Com.~ute Pump
Outlet Flow

y

Section § - Perform Fourier
Analysis of Qutiat Flow

LCheck for Dynamic Balancin_g]

Recomipute

Cam Position (ZCAM)

L Falculate Harmaonic Outlet Flows
Up tirrough Harmanie of fntarast

——
3
Section 6 - Calcutata Harmonic Pressures
Up through Harmanic of jaterest
B KK=1,2

Secition 7 - Reconstrict Time Dependent
Marmonic Gutlet Pressure

OQutlet Flow and Pressure
A 7 ———
for Harmanic of intercer

TO MAIN FRGGRAM

FIGLRE ¢.0 {Continuad)
HEFR VANE Py
Subroutine Flow Chart
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4.15.1.1 ‘ariable Names - Variable names unique tu rhe PUMP subccatine are

listed below. Ccomon ~aclables are discussed in

3.1.6.1

SYMBOL

AINC

AN

BULKP

CAVOL
CKL
CKT

CKV

- CK1

COEF
COEPLK
CORR
ci

DANG
DELVOL
DLEAK

DPRESP

LT

DTERM
DTHETA

DV

DESCRIPTION
Incremental shaft rotation angle
Temporary variable
Bulk modulus during precompression
Temporary vatiablé used in Fourier calculation
Fiston cavigafion volume
vSystem laminar coefficient
System turbulent coefficieu;
Metering valve coefficient
System constant pressure rise
Temporary variable used 'in Fourier calculation
Coeffir‘ient; of pump leakage | | |
Dummy variable
Temporary variable used in Fourier calculaéion

Incremental shaft rotation angle used in precompression
calculation ‘

Change in vane bucket vclume for rotation through
DANG

Leakage from one vane during rotation through
incremertal angle (DANG)

Pressurz change in cylinder during precqmpfession

Incremental tima for rotation through incremental
angle (DANG)

Temporary variable
Temporary variable

Incremental vane volumes for rotation through (DANG)
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the main program paragraph

UNITS

DEGREES
PSI

IN**3
PSI/CIS
PSI/CIS**1,75
PSI/CLS**2,
PSL

CIs/PSI

IN**3

INk#%3

' PSI

SEC

IN




SYMBOL
DVDT
D3CAM

ETA(J)

FNTZ

FQL (1 KK)

FQL(KK,1)

FQl1(-,-)

HPRESS

ICTL
1ERR

IFL

ITFM

ITER, 11,
13,3

KK

KKN

LEAK

LK1 - LK8
LPRESS
LPRESP
LVOL

M, N

NAPP

NAPS

e S D VAT s M 7 o DA R S b e A R EU 60 e s vt s s

DESCRIPTION
Change in vane volume per unit time

Delta cam position

Percentage error between predicted and resulting Jth

harmonic pressure

Temporary variable used in Fourier analysis

Complex output flow of the Ith harmonic, for the KKth

test, from Fourier analysis

Complex flow for the next harmonic, KKN, equals the

last Fourier flow for the next harmonic, calculated

from the final K¥=3 test balanced flow from the last
harmonic-FQL (KKN,1) = FQl(KKN.3)

Complex inlet flow

Pump‘outlet steady state pressure

'~ Integer counter

Pump control indicator (1 = on control, O = off éontrolj

Error indicator

Integer councer for number of steadyvstate halance
loop fterations

Integer indicator

Integer counters

Integer counter for dynamic bglancing test
oOrder of harmonic (i, 2, 3, ---)

Constant for pistorn lap leakage

Temporary variables used in flow calculations
Input data-steady state inlet pressure

Piston pressure in prcccmprcséion calculation
Piston volume in precompression calculation
Integer counters

Numnher of active pistong pumping

Number of active pistons sucking
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CIs

Cis

Cis

' pSI

CIS/PSI

PSI
PSI

IN**3
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SYM3OLL

NDEGI

NHARM
NKM

NéRSOP
NPROP
NPRSCL
NPRCL
NSUSoOp
NSUoP
ESUSQL
NSUCL
NSTEFP
NVANG
ORF

PISTNO

PP( ),
PPI( )

PISPR
PPM{1)
PLEAK

PP(I)

PPT( )

¥
Kl
5
:

POOVED

POL(T KK)

[

"y

for the ¥urh rest in dyns

DESCRIPTION

Integer counter for stepping cyl/nder rotation 1/4
degree increments, beginning with NDEG=1

Integer form of WHARM

Index positibn of vane bucket during flow calculation

Index position when vane slot starts to open
to pressure slot

Index position when vane slot is fully open
to pressure slot

Index position when vane slot starts to close
to pressure slot

Index position when vane slot is fully closed
to pressure slot

Index position when vane slot starts to open
to suction slot

Index position when vane slot is fully open

to suction slot , -

Index position when vane slot. starts to close
to suction slot

Index position when vane slot is fully closed
to suction slot

Number of steps in precompression calculation
Number of steps in one bucket |

Orifice coefficient of‘valve

Number of pumping vanes

Internal pressure in pistons 1, 2, 3, or 4 at
a given index positien

Bucket pressure
Magnitude of the Ith harwonic peak pressure
Leakage out of bucket

Phase angle of the Ith harmonic ﬁeak pressure

Tire dependent amplitude of pump output pressure for
each rotation index position during output cycle

Total overboard state leskage from main prozram

th
2 0f the I harmonic,
wie halancing

Complew cutput test pre

UNITS

ot e 4 i S T

IN**2/SEC/LB**.5

PSI
?SI
PSI
CIS/PSI

RAD

PSI

peyr e
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SYMBOL DESCRIPTION UNITS
PQLI(I,KK) Complex inlet test pressure of the,Ith harmonic PSI
PRESS Input data for steady stgte punmp output preésure " PSI
QERR Steady state flow error
CIs

QMAX Maximum flow capability at cam pos;tion CIS
QOUT flow out of bucket c1s
QOVBD Overboard flow for steady state CIs
QQFC(I) COSINE peak amplitude of pumg output tinlet) flow

trom Fourier analysis for I'P harmonic CIs
QQFS(i) SINE amplitude'of pump output {(inlev.) °low frem

Fourier analysis for Ith harmonic cI1s
QQT(N Time dependent output flow from pump cIs
QL, Q2 Temporary variables | -
RTHETA .Temporary variable in area calculation -
s Temporary variable in Fourier analysis -
SLEAK Leakage into bucket CIS/?SI
SLOTWO Slot width of outlet IN
SAZCAM Input cam position R
TERM Temporary variable -
THPRS Input data cam pressure slot start angle’ DEG
THPRE Input data cam pressure slot end angle DéG
THSUCS Input dafa cam éucéion slot start angle DEG
THSUCE Input data cam suction slot end angle . DEG
THETA Angular position of vané centerIfne DEG
THEQLD _Last Angular position of vane centerline DEG
TQMAX Temporary variable -
Ug,Ul,UZ,' Tenporary variables used in Fourier analysis -
u ‘ :

T

e e
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SYMBOL
VA

VAREA

VVOL

" WINC

WSTART

XA()

20’

ZIP( )
ZAP( )

ZCAM

SO - e

DESCRIPTION
Bucket volume at a given index position

Cylinder slot flow area at each index position,
0-360° in 1/2° increments

Maximum vane volume

Input data pump speed increment

Jarmonic frequency (same‘as A in wmain program)
Input data first pump speea calculation point

XA(1l) = vane angle
XA(2) = cam position

Current calculation pump speed (same as W in
main program)

Pump shunt impedance for Ith narmonic

Complex impedance of load on pump outlet for
each harmonic

Complex impedance of load on pump inlet for
each harmonic ‘ )

Cam position
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UNITS

IN**3

IN**2
IN*#3
RPM
RAD/SEC
RPM
DEG

IN

RPM

PSI/CIS
PSI/CIS

PSL/CIS
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SVARIABLE TYPES», DIMENSIONS, COMMONALITY®

%22§OUTINE VPUMP(WSTART, Y5 ZIP,NHARN, POOV3Dy PRESSyWINC,PISTNO,

4.15.1.2 Specifications aad Initialization - Listing
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4.15.2 Section 1 - Compgte Valve Index Positions

Figure 4~7 illustrates modeling paramecérs for a vane pump. Seciion 1
calculatet the angula. increment based on the number of vanes to produce

720 divisions per 180 degrees of revolution. In addition, the index positions

for the beginning and end of the CAM pressure and Sultan slots are computed.

4.15,2.1 Section 1 - Listing
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ALVING INDEX POSITIONS
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FIGURZ 4-7 ‘
VANE PUMP CAM BLOCK PARAMETERS
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4.15.3 Section 2 - Steady State Output Pressure Calculaticn

Section 2 calculates the steady state outlet pressure and flow as a
function of cam position, pump speed, and pump internal lezkage rate.

On the first call to VPUAP the orif .ce fiow coefficient (ORF) is cal;ulated,
the first incremental bucket volume is initialized tc pump inlet prescure and
the bucket cavitation volume i§ set to zert. Thesg calculatlons are bypassed
on all subsequent calls of VPUMP. Each tiie VPUMP ié called for a new puﬁp
speed and the cam position (ZCAM) is estin iced as a function of incremental

and maximum pump RPM.

4.15.3.1 Math Model
‘ Two equations are so.ved to obtain pump cverboard flow and outlet pressure.

Equation (1) describes the sys:iem prescure drop characterics input by the user:

HEFRESS
Vhere

(K1 + CKL * Q1 + CKT * Q1 ** 1,75 4+ CKV ** 2 €9

PRESS = Pump outlét pressure (PSI)

Q1 Pump overboard flow (C18)

The second equation describes the puap outlet flow in terms of max flow vare at
the current RPM (QMAX) minus a leakage flow. Leskage is aes.aed to be directldy

proporticnal to the vane stage pressure rise as shown fo Eguatiocs 10},
Ql = GMAX -  (HPRESS - LPRESS) * COEPLK ‘ 2

Equation (2) is solved for HPRESS and substituted iyv o« <ation {1}, Newton's

methed of {inding succecsive approximations to a real roct f01) of the 1oouiting

'

equation is used, When the error botwesn ruccesaic = (o nrdinns dy less than
3,000 €18 the value of overhoard flow is used ip Vocatlon 70 fo Daind UPRESS,
254
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4.15.3.2 Section 2 - Listing
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4.15.4 Section J - Bucket Precompression Calculation and Control Test

Section 3 determines if the computed flow capacity for a giver cam positicn and
RPH is sufficient to provide the demanded flow with a given puﬁp leakage flow. If
the pump can supply this flow, the conntrol indicator is set to one (ICTL = 1).

Prior to the precompression pressure calculation, the maximum bucket volume

is adjusted. The change in volume is added to the total volume as the vane increments,

NVANG times starting from the point'where the leading edge of a vane is just
closed to the inlet, |
The remzinder of Sextion 3 galculates the bucket pressure which exists before

the vane starts to open the bucket fo the pressure slot. This pressure 1§ the
result of precompression in the bucket during that portion of rotor rotation
when the bucet is blocked by the cam block between the suction and.p:essure slots.
4.15.4.1 Math Model - The change in bucket volgme is a function of the cam
position and angular.displaéement of the rotor as shown in Figure 4-8. Total
bucket volume is the sum of the vclume ;hanges for increasing bucket veolume and
minus the changes for decreasing volume. A pressure dependent factor for 1gakage
from ear!i vane to inlet is estimated for bucket pressures above japut suction
pressure as

PLEAK = COEPLK/(2.%RAPP)
Leakage from inlet te each bucket is

SLEAK = -PLEAK
Ary cavitaticn volume fn the bucket is calculated and tracked thfohghout the
bucket revolution. Bucket pressures are stored for «::h position throughout the

calculation. Time dependent oscillatory outlet pressure is initialized to zero PSI,
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4.15.4.2 Assumptions - The bucket is assumed to be completely filled on the gsuction
stroke and the inftial cylincer is assumed to be one plus the input steady
state value. Pressure dependent leakage is assumed, bulk modul s is recalculated

at_each step based on the last step incremental bucket pressure, and the bulk

modulus formula used in fluid.

_6.15.4.3 Computation Method - The calculation is performed in DANG increments with

the initial vane centetiine angle computed from the suction slot end angle
(THSUCE) and the bucket angle‘(VANG). The number of calculation steps (NSTEPP) is
calculated based on index positions defining the end of the suction slot plus

NVANG and the beginning of the pressure slot in the cam block.
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6.15.4.4 Section 3 - Listing
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4.15.5 Section 4 ~ Pump Outlet Flou Cplculation

Section & calcula-es the total output flow from the pump for one cycle.
Each of the active pumping buckets (NAPP) is sequentially incremented through
steps. The outlet flow is determined from summing the flow from each bucket per
side. The total flow is then multiplied by two since each side of the pump
supplies approximately one half of‘the flow. The calculation is started one index
step after the precompression ends. Pressure in the first bucket is initially
the final precompression value. Pressure in the other opeh Buckets is eqﬁal to the
sum of the previously calculated steady state output pressure (HPRESS) and time
dependenf osciliating pressure (PPT). Bucket pressure and outlet flow computed
at each step account for bucket leakége, préssure drop across the cam block,
vane motion and fluid compressibility. QOT(1l) is set equal to ﬂQT(NQANGl) to reduce
the effects of calculation start-up discontinuity, caused by the assumed initial |
cyiinder pressures,
4.15.5.1 ‘gath Model - The math model derivation is almost 1dentical to that for
the piston pump discussed in dection 4.5.1. The 6n1§ significant chauge occurs in
equation (22)., The pressure loss due to fluid flow éver a time DT is estimated
as four times the flow rate, because there is one equation for each slot in the cam

block. Equation (22) now tecomes
APy = ((DT*BULK) / (VA*LK1) ) *4*Q=4*LK3*Q

Following through on the substitutfon into equations (23) aud (24), equation 25 is

Q**242*1K5*Q-LK6 25
Where
LKS = LK4 * LK3 *2 ' (26)

"u solution for Q in fquation (25) remains the same.
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Before computing the vane outlet flow, the outlet flow area is calculated.
As the leading edge vane of the bgcket'rotates through the outlet slot on the cam
block, the arc length of the bucket exposed to the ontlet is computed #s
VAREA = .60935 * DTHETA / 57.3 |
This value is then multiplied by the cam block slot width to obtain the vane
outlet flow area for one slot.

VAREA = VAREA * SLOTWO

The outlet flow calculation also tracks a cavitation volume if it should occur
on the outlet. Outlet flow is ~omputed for one output cycle of NVANG increments

regardless of the increment size.
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4,15.5.2 Section 4 - Listing

SECTION &~ PUNMP OUTPUT FLOW CALCU’ ATION
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4.15.6 Section 5 ~ Fourier Analysis of Pump Outlet Flow

Section 5 performs a harmonic analysis of 'the time dependent pump total

output flow calculated in Section 4. Flow is computed over the cycle period

for eéch harmonic from the fundamental up to and including the input harmonic.
If the pump is on control, the overboard flow 1s used to adjust the

cam position (7CAM). Harmonic flows (FQL(I,KK)) are then calculated from

the steady state conditions.

The steady state cam position calculation is bypassed during subsequent

dynamic balznc-ing in Section 6.

4.15.6.1 Secticn 5 - Listing
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Section 6 - Qutlet Pressure ~ Flow Balance Caiculation and Listing

Section 6 of the vane pump model is identical to Section £ of the axial piston

pump model described in Paragraph 4.7.
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6;15.8 Section 7 - Reconstruction of Time Dependeﬁt Pressufes and Listing

Section 7 computes the time dependent outlet pressure (PPT) from each
estimate of complex dynamic output pressure (P3) in Section 6. This section {is

identical to Section 7 in the axial pump modelbdescriﬁed in Paragraph 4.8.

SECTION 7- RECONSTRUCTION OF TIME DEPENDENT QUTLET PRESSURE
TERM={2,*P1) /NVANG ‘
00 330 J=1,NVANG] .
THETAs (J-1)1s]1¢TERN
"PPT(JS) =PPY(J) ¢ REAL(PI)® SIN(THETA) +AIMAG(P3)* COS(YHETA)
IF (PPT(J}.LT,=HPRESS) PPT(J)==~HPRESS
330 CONTINUE ‘
(K = XK & 1
60 TQ 170
335 CONTINUE
WRITE(65G01)2CAM, QMAX»HPRESSSPRESS»QQFC (L) »QOVRD» Y5 ICTL
. Q01 FORMAT(/,T7F1Z24%93X015,7)
C WRITE(6,927)(2ISPRE{I),[+31,416)
QE1)*FQI(NHARM,3)
P{1l)»PQ1(NHARM,3)
RETURN
END

cTICHBUE
< quatt Tt PR
m81s PR mﬁiﬂ 10008 —
FROR '
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APPENDIX E (CONT.)

HSFR TECHNICAL MANUAL (AFAPL-TR-76-43, VOL. ;V)

8.6 SUBROUTINE LUCUP
Subroutine LUCUP provide linear interpolation of data points for a three

dimensional table. [wo coordinate points are input and LUCUP returns the third

value.
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8.6.1 SUBROUTINE LUCUP-LISTING
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. CONNECTION NO. 3 ' -

APPENDIX E (CONT.)
#AYTRAN USER MANUAL (AFAPL-TR-76-43, VOL. I)

6.52 TYPE #52 VANE PUMP

~-—- FLOW CONTROL FOUR
WAY SERVO VALVE » - CONNECTION NO. 1

r's
ROTOR & VANE ASSEMBLY-, FPUMP INLET “NISON RING

DECREASE FLOW -4 CAM BLOCK CAGE

v

SERVO VALVE - ~
SPRING §

CONNECTION NO. 4~\fEZ§%
(LOW)

(HIGH)

1
1

: . " ACTUATOR PISTON
PUMP DISCHARGE SKOWN AT ZERQ STROKE

.

" wee— CONNBCTION NO, 2

FIGURE 6.52-1
TYPE NO. 32 VANE PUMP

The CECG main fuel pump (HfP) is simulated by the PINMES2 subroutine.
The variable displacement slidinp vane vunp is double acting with radlal pressare
balance. The pump is controlled by coupling an sxternal merering valve to a
single stage sponl valve within the puvp heusirg., The valve regulates pump

displacenent as required to meet metering valve are: changos z2nd wpeed changes.
The PiIMP57 subroutine s written (o w.rk with an oxteroal metering valve

(=uhreatine VAIV24) savplving the controel eignils te the four wav servo valve,

which Tunctions essentially as a rull-iype 4if,ereatial voesenre sensor.  The MFD
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model will sense the signal pressures and adjust the outlet flow and pressure

accordingly.

The transient pump model must be initiaslized at reasonable steady state values.
Otherwise the resulting discontinuity between the steady state and transient sections
of pump subroutine will cause a transient before the user selected time.

| The MFP model reduires the input of actuator stroke versus pump outlet
flow aud actuator load.‘ The valve stroke versus flow area is also inpat. '

Though the vane pump model was specifically written to model the CECO MF?,

other variable displacement vane pumps may be modeled with this subroutine.
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CARD NUMBEP 1

COLUMN | FORMAT DATA

1-5 15 Component Number

6-10 15 Type Number = 352

11-15 15 Number of Real Data Cards =

16-20 15 Line Number (with sign) attached to Connection 1 (Inlet)

21-25 15 Line Number (with sign) attached to Comnection 2° (Qutlet)

26-30 | 15 Line Number (with sign) attached to Connection 3 (High Control Pressure)
31-35 15 Line Numbe: (with sign) attached to Cennection 4 (Low Control Pfessure)
36~-40 15 Number of Servo Valve Pczitions

41~-45 15 Number of Actuator Positions
| 46-50 15 Number of Qutlet Pressures

51-55 15

56-60 15

61-65 15

66-70 15

71-75 15

76~30 15 Temperature/Pressure Codz (See Page 4.0-2)

EXAMPLE CARD
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CARD NUMBER 2

COLUMN FORMAT DATA ' DIMENSIONS
1-10 E10.0 Servo Valve Area - In®
11-20 E10.0 Servo Valve Spring Rate Lb/In
21~30. E10.0 Servo Valve Spring Preload Lb
31-40 E10.0 Servo Valve Mass Lb-sec/In
41-50 E10.0 Servo Valve Damping Lb;secllﬁ
51-60 E10.C Servo Valve Discharge Coefficient ~
61-70 E10.0 Minimum Valve Displacement In
71-80 E10.0 Maximum Valve Displacement In

R A g anes S

EXAVPLE CARD
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' CARD NUMBER 3

COLUMN FORMAT DATA DIMENSIONS
1-10 ElO.Q Actuator E;ctend Area InZ
11-20 E10.0 Actuator Retract Area Inz
21-30 '} E10.9 Maximum Actuator Stroke In
31-40 E10.0 Unison Ring Damping Factor Lb%rs_{gg' ’
41-50 Fty.0 Servo Valve Overlap In
516G E10.0 Extend Actuator Volume @ Zero Stroke In3
61-70 5'10_0 Retract Actuator Vclume @ Zero Stroke . In3
71-80 E10.0 Pump RPM RPM

EXAMPLE CARD
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‘CARD NUMBER 4

COLUMN FORMAT DATA DIMENSIONS
( - ‘ < C1s 7
1-10 EJO.O Coefficient of Pump Leakage PST ]
; 4
11-20 E10.0 Initial Actuator Position In
‘ Coefficient of Servovalve Leakage @ Null R ‘ L
21-30 E10.0 Position and 100°F ‘
31-40 E10.0 Outlet Volume ™m?
: . Inittal 3teady State Outlet : - ;
41-50 E.l()‘.() Flow ‘ CIS ,’ ‘ ;. i ‘
]
51-60 £10.0 Infitial Steady State Pressure . -~ PSI
B Pump Flow @ Opreratin
61-70 £10.0 Maximum Pump ow @ Or g | I8
RPM ‘
71-80 | E10.0 ' i3
' 1
!
;
EXAMPLE CARD E
e e ey
g
k.
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CARD NU{BER 5 /

COLUMN FORMAT DATA DIMENSIONS

i-lO . £10.0 First Actuator Position » In

11-20 E10.0 Enter as Many Values As : "

‘ 3:

21-30 E10.0 Listed in Columns 41-45 of " s

31-40 | E10.0 Card Fo. 1) | : "

41-50 E10.0 Last Actuator Position ‘ ‘ " .

51-60 F10.0 .Outlet Pressure for Cam Load ~ PSI
61-70 | E10.0 (Enter as Many Values as "
71-80 " E10.0 . Listed in Columns 46-50 of Card No. 1) . " 7 {
EXAMPLE CARD




. CARD NUMBER 6

COLUMN- FORMAT DATA DmENSIONé
1-10 E10.0 Cam Load On Actuator at First Outlet Pressur Lb
11-26 E10.0 (Enter Number of Actuator v
21-30 E10.0 Positions Times Number of v
31-40 E10.0 Outlet Pressure Values) "
41-50 Ein.0 Last Cam Load On Actuator "
s1-60 | E10.0 Ideal Pump F1.w for First Actuator Position CIR
61-70 ElO.Q (Enter as Many Values as Listed in Columns " E
71—!;0 E10.0 41_45. of Card No. 1) "
EXANPLE CARD
e e ey
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D CARD NUMBER 7 K
COLUMN FORMAT DATA DIMENSIONS
- ‘ . 1-10 E10.0 First Servovalve Position (goi;§1v¢ Direction In
. . 0
11-20 E10.0 (Enter As Many Values as Listed in "
21-30 E10.0 Columns 36-40 of Card No. 1) "
31-40 E10.0 " "
. 41-50 E10.0 Last Servovalve Position "
51-60 E10.0 Servovalve Flow Arcza Correspond To First INZ
Position
61-70 E10.0 (Eater as Many Valuzs As " ﬁ
71-80 E10.0 Servovalve Positions) "
EXAMPLE CARD
oy o *~wm§§
;
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APPENDIX E (CONT.)

HYTRAN UéER MANUAL (AFAPL-TR-76-43, VOL. 1)

"6.24 TYPE #24 TWO-WAY CONTROL VALVE TC BE USED WITH TYPE £52 VANE PUMP

— e

TYPE #24 1is a specially modified TYPE21 valve that is used with the
PiMP52 subroutine. The valve uses an exteraally controlled time history
iaput; The valve opening area is derived from the tabulated data input
or. the thiéd and fourth cards. The total number input on both the time

and area tables must be equal to the number input in column 70 of the first

data card.

Care must be taken in choosing the proper metering valve areas for the

i{nit{al steady state pressure and flow conditions input with the PUMP52

subroutine.
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CARD NUMBER 1

COLUMN FORMAT DATA
1-5 15 Component Number
6-10 I3 Type Number = 24
{11-15 15 Number of Real Data Cards = 3 or more ,
16-20 T 15 . Line Number (with sign) attached to Connection 1
21-25 15 Line Number (with sign) attached to Connection 2
26-30 15
31-35 15
36-40 15
41~45 i5
46-50 | 15
51-55 15
56-60 15
61-65 15
66-70 15 Number of data points in table.
71-75 15
F76—80 I5 . Temperature/Pressure Code (See Page 4;2:2)
EXAMPLE CARD
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CARD NUMBER 2

COLUMN | FORMAT DATA DIMENSICNS
1-10 E10.0

11-20 E10.0 Valve Discharge Coefficient -
21-30 | £10.0

3?—40 E10.0

s1-50 | 10.0

51-60 { E10.0

61-70 | E10.0 \
71-80 | E10.0

-

EXAMPLE CARD
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CARD NUMBER 3

3

rCOL'.MN FORMAT -DATA . DIMENSIONS
1-10 E10.0 First Time Value (Must be 0.0 SEC
11-20 E10.0 (Enter as many tiﬁe values as
21-30 £10.0 | required using as many columns and
3140 E10.0 cards as necessary. Final time must
41-50 E10.0 be greater than or‘equal to final
51-60 E10.v calculation ttme:)
61-70 £E10.€
71-80 | E10.0 ‘

e e b A D B St A B b A

P



CARD NJMBER 4

Lo m@bﬁ”ﬁ'&% R TP LR e

COLUMN FORMAT DATA
1-10 E10.0 Initizl Metering Valve Area @ T=0.‘O
11-20 E10.0 (Enter as aany valve areas as .
21-30 E10.0 time values).
31-40 E10.0
41-50 E10.0
5360 E10.0
61-70 E10.9

‘ ' ot en
71-80 | E10.0

H -

EXAMPLE CARD
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. APPENDIX E (CONT.)
HYTRAN TECHNICAL MANUAL (AFAPL-TR-76-43, VOL. II)

. 6.52  SUBROGTINE PUMP52

Subroutine PUMP5Z was set up to model a variuble displacement vane pump
of the type used as the ﬁain fuel pumyg on the F-15. ,

The vane pump is a double-acting pump with 100 perceﬁt'radial pressure
balance. The internal vane track contour provides for two inlet and discharge
ports per revolution. Pump Elow.conttol is achieved by hydraulically coupling
an external metering valve to an interpal single stage hydraulic servovalve.

The servovalve régulates pump displacement as required to meet valve area
changes and speed changes. A schematic of the variable displacement vane pump
is shown in Figure 6.51-1. The pump is shown in a maximum flow condition. The
pumping element consists of a rotor, vane and shaft assembly and two vane track
cam blocks. Two side plates at each end (not shown) are required to complete the
seal of the pump volume. A cage and unison ring assembly is uged to support the
cam blocks and control their position. .

The cage restrains the cam blocks Vertically while allowing horizontal
motion. The horizontal motion is controlled by the angular position of the unison
ring and the relationship between the two inwardly protruding surfaces on it and
the external cam surface that contacts it. The volumetric displacement of the puwmp

is determined by the allowavle vane accelerations that will insure countinuous

vane contact with the vane track.

To compute the transient response of the pump, the contro} characteristics
are modeled using simplified calculation techriques, The pump supplies fluid
flow in response to metering head pressure differential, Summing forces on the

flow control servo valve in Figure 6.52-1 yields a2quation (1).

DT(ACCEL) = (PMH*D(ARVAL) ~ D(BVAL) # VLST - D(KSPG) * XLST)/D(MVAL) (1)
where
BT(ACCEL) = VALVE ACCELERATION
PMH * D(ARVAL) = CONTRILLING FORCE INPYT
D(BVAL) = VALVE DAMPING COEFFICIENT
VLST = PREVIOUS VALVE VELOCITY
D(KSFG) = VALVE SPRING CONCTANT
XLST = PREVIOUS VALVE POSITION
D(HVAL)VQIVALVE MASS
‘ 282
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DT (PINLET)

ROTOR & VANE ASSEMBLY —\ PUMP INLET [- ACTUATOR UNISON RING

7z )

DT (ASTROKE ) —] .
CAM BLOCKS(2)

DT (PACTE) CAM BLOCh CAGE

FLOW CONTROL FOUR-
WAY SERVO VALVE

METERING HEAD' £
PRESSURE DIFFERENTIAL
P(L4) LOW-~ -
P(L3) HIGH -

ACTUATOR PISTON
& LENK ASSEMBLY

pT(VDIS)] OT(PACTR)

DT (QUACT)

DT(QIACT)%

“\-DT (POUTLET)

PUMP DISCHARGE QouUT

FIGURE 6.52-1

SCHEMATIC OF BALANCED VARTARLE DISPLACEMENT VANE PUMP AND CONTROLLER
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The servévalve displacement for the current time step is computed using
a corrected Euler method. The calculation of actuator flows is based on a
icombinétion of the servovalve orifice equations and the volumetric impedance.
The exact formulation of equations changes depending on whether the actuator
1s retracting - decressing pump outlet flow, or the actuator is extending -
increasing the pump outlet flow.

An equivalent diagram for the flows entering and leaving an extending

actustor is shown in Figure 6.52-2. The pressure drop for the Ql flow is written

as .
it adl 2 (2

DT(POYTLT) - DT(PACTE) = * CoEv1

QL DT(BULKE)

A similar expression can be written for the Q2 flow. The subsequent
quadratic equations are then solved to obtain Q1 and Q2, the flows entering and
leaving the actuator as it is extending. The flow values are doubled beécause
there are two actuators controlling the cams ip the pump.

The actuator velocity is then calculated using the equivalent network

. given in Figure 6.52-2. The network is solved for the piston velocity DT(VELACT).
A damping term and actuator ioad are included in the calculation, The load is
% based on the previous or last time step value of the actuator velocity.
é The network accounts for tﬁe volumetric effects of the two actuator cavities,
under the assumption that a portion of the flow is lost to or ebtained from .

these volumes due to changes in pressure within the cavities. The basic network

equations are:

s v S RN A T

DT(VELACT) * D(AEXT) =-Ql - DT(BULKE) *{OPACTE-DT(PACTE})) (3
DT(VELACT) * D(ARET) =+Q2 + DT(BULKR) *(OPACTR-DT(PACTR)) (4)

DT(VELACT) * D(DAMP) =-DT(PACTE) * D(AEXT) + DT(PACTR)
*D (ARET) +ALOAD (5)

Solving EQMS (3) and (&) for DT(PACTE) and DT(PACTR) and substituting into
Equation (5) yields

DT(VELACT) = FDRIVE /ZIN (6)

284

i s VR b ATk




where
FDRIVE = Q2 + OPACTR* D(ARET) - a_ OPACTE* D(AEXT) + ALOAD

G2 Gl

ZN = D(DAMP) + D(AEXT) + D(ARET)
‘ : Gl G2
Gl = DT(BULKE) /ID(AEXT)
‘G2 = DT(BULKR) / D(ARET)
Once the actuator velocity is obtained the stroke is computed as:
DT(ASTROKE) = DT(ASTROKE) + (AVELO + DT(VELACT))*DEIT/2. | (7)

vhere .
AVELO = the previous time step value of actuator velocity
. The actuator stroke 1s directly related to pump flow. The ectustor pressures
may be computed for the current time step.
DT(PACTE) = DT(PACTE) + (Q1 + {VELO * D(AEXT))/DT(BULKE)
DT(PACTR) = DT(PACTR) + Q2 - AVELO * L(ARET)) /DT (BULKR)

Equivalent circuit schematics of the pump's inlet and cutlet are showm
in Figure 3.5-3. Solvi: g for DT(PINLET) yields
DT(PINLET) = (C(L1)/Z(L1) + DT(PPOUT) * D(COEPLK) (8 .
+ DT(QOACT) - DT(QMAX))/(1/1Z(L1) + D(COEPLK)) '
The pump outlet flow is ‘ .

QOUT = ~(DT(GMAX)-D(COEPLK) *(DT(PPOUT)~DT(PINLET))

~DT (QIACT) -DT(BULKO) *(DT (F,jOUT) ~OPOUTLT)) 9)
and the outlet pressure is then

DT(POUTLT) = C(L2)} - QOUT * Z(L2) (10)

bt A e R T X L




A A 1 Xt . Pt o

QL PACTE 1 VELACT _—9AHP 1 PACTR Q2
i e ALOAD = p——————e
AEXT T )

"FIGURE 6.52-2

ACTUATOR PRESSURE AND FLOW CIRCUIT DIAGRAM

QOACT

: ‘ QIACT OPOUTLT
,~FPOUT BULKO
5 S
QouT 1

Ccl Z—‘L Y QIN
s A ¥

“__——) 1‘\“}{3’_"‘ C 2
PINLET ‘ : POUTLT

INLET OUTLET
+ . FIGURE 6.52-3

INLET AND OUTLET CIRCUIT BTAGRAMS
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6.52-2 ASSUMPTIOUS ,

The vane pump is a symmetrical unit, thua actuator loads were assumed
identical. Once the actuator flows were calculated they were simply doubled to
obtain the total flows that were recycling through the unit. Friction and
stiction in the actuators were ignored.

The pump internal leskage is assumed to be direztly proportional to the pump
pressure rise. The model qlso‘does not incorporate the high pressure relief '
valve or the wash flow filter shown in'Figure 6.52-1. The dynamic effects of
these elements are negligible during normal pump operation.

6.52-3 COMPUTATIONS | ‘
1000 SECTION _

In this section pump constants are‘initialized for use in the subroutine.

1500 SECTION
Steady State Calculations

The pump has four connections. The two metering pressure conuections
are handled as zero flow legs and they are not part of the steady state flow
pressuré bzlance. Only the iniet and oé:let connections are used.

The user inputs the initial steady state pump outlet flow, precsure, and "
actuator position for the given flow. The pump vane stage pressure rise
is derived from an equation incorporating maximum and overboard flow and the

coefficient of pump leakage.
DT(PPOUT) = (DT(QMAX) - D(QUVBD))/ D(COEPLK)

To initialize the actuator pressures an fterative procedure i3 used.
The pressures are dependent on the actuator load at the initial stroke and the
leakage through the servovalve.

20( ) SECTION

Actuator stroke and velccity, predicted outlet pressure, valve accelervation,
velocity and displacement. and valve éet spring pressure are initfalized in the
2000 section. .

365GH SECTION

In the 3000 section, the pump transient respohse'is calculated. A flow
chart for this section is shown in Figure 6.52-4. First control servovalve flows
and pressures are computed. The valve acceleration is determined using a
force balance on the spool. Integrating the acceleration equation yields the

£fnllowing equation for control valve velocity:
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I e —
| TRANSIENT SECTION J
SENSE LIN®
DIFFRRENTIAL x____..[ COMPUTE SZRVO VALVE POSITION ]
< VALVE OVERLAP ACTUATOR EXTENDING
- INCREASING PIR(P FLOW
‘ ‘ y
, ACTUATOR RETRA
[ NO ACTUATOR FLOWS ] ECREASING ﬂ:lfw [ CALCULATE ACTUATOR FLOWS ]

[ CALCULATE ACTUATOR FLOWS J

o it e e 8 et

‘ COMPUTE ACTUATOR VELOCITY, STROKE AND PUMP FLOW

s

‘ CALCULATE ACTUATOR PRESSURES

1

[ DETERNINE [NLET AND OUTLET PRESSURES AND FLOWS AND CAM LOAD i

i
i
:
i
:
;
:

RETURN

PIGURE 6.52-4 CECO MFP MATH MODEL FLOW DTAGRAM
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DT(VAVEL) = VLST + (DT(ACCEL) + ALST)*DELT/2. - R

».“lﬁ % The integration of the velocity'equatipn. results in an equation for valve dis-

St

placement:

PPN
El

DT(VDIS) = XLST + (DT(VAVEL) + VLST) f DELT/Z '_
U ; If the absolute value of the valve displacement -is less than the valve overlap,
the lgakage flow through the valve is set' to zero.’ I the valve dispiacement is
greater than the valve overlap, the progrgﬁ wi@l‘cogputé.q;if;ce characteristics
of the valve from subroutine INTERP. . |

For decreasing flow, (actuator retracting), the program will compute
pressures and flows for pump inlet a?d ou;let. If the.fidw 1srincreasing;:i
(actuator extending), anotger Qé;‘;}:équations is Qsed,té calculate fhe pressures
and flow rates. Actuator piston position is determined by integrating the
actuator velocity equat on. Pump:fid& can 'then be computed using the INTERP
subroutine. Equations relating Ieakagéicoe;ficiénts énq puhﬁ flows yield pdﬁp
inlet and outlet pressures. ' A pred;g;gd.pumé éutlet preésure is cohputed for
E, the ne#t time step. The cam 168d $s computed in sﬁbrodtine LUCUP and is a'”

Tao e function of actuator stroke and outlet pressure. The final step in this section

defines the pressures and flows at the inlet and outlet lines of the pump.

(R
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6.52-4 variable Names

Name Description
A ' Temporavy Variable
DT(ACCEL) Valve Acceleration
D(AEXT) Actuator Extend Area
ALOAD ' Last Actuator Load

. ALST . Last Valve Acceleration
D(ARET) Actuator Retract Arca
D(ARVAL) , Control Servovalve Arza
ASIGN Sign of valve Velocity
ASTRO Last Actuator Stroke '
DT (ASTROKE) ‘ Actuator Stroke ,
AVDIS Absolutz Value of Valve Displacement
AVELO Last Actuator Veloclty

. B ' , Terporary Variable
DT (BULKE) Actuator Extend Compressibility
DT (BULKC) Pump Outlet Compressibility
D(BVAL) Servovalve Damping
D(COEPLK) Coefficient of Pump Leakage
D(COEVL1) Coefficient of Valve Leakage {Open Valve)
D(COEVL2) Coefficient of Valve Leakuge (Laminar)
COEV1 Temporary Variable
CCN ' Tempqraty Variable
D (DAMP) Unison Ring Damﬁing Factor
DELTAP Temporary Variable
DELTP ‘ Temporary Variable
FDRIVE : : Temporary Variable
FF - Temporary Variable
FRIC S Actuator Friction
Gl ‘ Temporary Varilable
‘G2 Temporary Variable
I Counter
LE Error Indicator
IERR Error hidicator
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Dimension

'IN/SEC**2

IN*%2
LBS
IN/SEC*#*2

© IN**Z

IN**2

——
v

IN

IN

IN
IN/SEC
PSI
PSI

CIS/PSI
CIS/PSIT

———

LBS/IN/SEC

e

d



Name

‘IFAIL

iLoc -
IL0C1
D(ISTR)
ITER

K

KSPG
DT(LOAD) .
we .,
Ll

L2

L3

L4
D(MAVDIS)

. DT(MHSET)-

D(MIVDIS)
D (MSTROKE)
D(MVAL)

N

L(NAST)
L(NPR)
L.(NVDIS)
OPACTE

~ OPACTR

OPOUTLT
0Q1
002
DT(PACTE)

"DT{PACTR)

DT {PINLEY)

PMH

CDT{POUTLT)

DT{PPOUT)

D{PRESS;

.,“,‘Descrigtigg_
Itera:ionvFéil Indicator
array Location Indicator:
Array Location. Indicator

‘Initfial Actuator Pbs;tion

Iteration Counter

Counter

Spring Rate

Actuator Load

Array Location Indicutor
Dummy Variable

Dummy Variable

Dummy Variable

Dummy Variable

Maximum Valve Displacement
Servovalve Set Spring Pressure .
Miaimum Valve Displacement

Maximum Actuator Stioke

.. Servovalve Mass

Counter

Number of Tabulated Actuator Strokes
Number of Reference Load Pressures

Number of Tabulated Valve Displacements

Last Actuator Extend Pressure
Last Actuatcer Retract Pressure
Last Outlet Pressure
Tempérary‘Variable

Temporary Variahble

Extvnd Actuator Pressure
Retract Actuator Pressuce’
Inlet Pregsure

Senge Line Preasure Differential
Cutlel Pressure

Predicted Qutlist Frassure

Pumn utlet Pressure
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Name
D(PRPM)
QAREA
DT(QAREA1)
DT(QIACT)
QLOSS
DT(QMAX)
DT (QOACT)
Qur
D(Qovsu)
QPyMp

a
Q2

D(SPLOAD)
DT(VDIS)
DT(VELACT)
VLST
D(VOLAP)
D(VOLE)
D(VOLOUT)
D(VOLR)

XD

XDDS
X.8T
ZN

Description
Pump RPM
Servovalve Opening Area
Valve Orifice Constant
Flow to Actuator
Teﬁporary Variable
Maximum Pump Flow
Flow from Actuator
Flow Qut of Pump
Initial Pump Outlet Flow
Temporary Variable
Temporary Variable
Temporary Variable
Spring Preload
Valve Displacement
Actuator Velocity
Last’ Valve Velocity .
Servovalve Overlap
Extend Actuator Volume at Zero Stroke
Outlet Volume
Retract Actuator Volume at Zero Stroke
Temporary Variable
Temporéry Varialle
Last Valve Displacement

‘Temporary Variable
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APPENDIX F

HYDRAULIC MOTOR MODFLS
HSFR USER MANUAL (AFAPL-TR-76-43, VOL. III)

2.3.11 MOTOR (Pigton;,Constant Displacement)
The motcr is identified as an NTYPE "9" element, with a KTYPE designator

of "25". The motor model should always be the first element in the system.

The piston motor model is based on thelaXial piston pump model and it
requires similar input data. Three data cards are required in the sequence des-
cribed in the following pages. Figures 2-8 and 2-9 should be referred to for
the physical description data. Physical data for a given motor is read into
the element data list in the same manner as for the other system elements.

Motor outlet pressure is input on the second. general control data recerd (para.

2.2). Motor inlet pressure is input on the second motor data record.
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CARD NUMBER 1

COLUMN FORMAT DATA DIMENSIONS

1-5 15 NTYPE = 9 o

6-10 15 KTYPE = 25 Hydraulic Motor ~ =
11-20 E10.0 Rl = Cylinder Slot Radius IN
21-30 | E10.0 | SLOTW = Cylinder Slot Width IN |
: ! RV = Cylinder and Valve Plate Slot Center- IN
31-40 E10.0 line Radius
41-50 E10.0 'RBORC = Cylinder Centerline Radius IN
51-60 E10.0 DIAPIS = Piston Diameter . IN
61~70 E10.0 POVOL = 0il Volume Between Piston at Mid- IN**3

- stroke and Port Face
71-80 l Ei0.0 R2 = Valve Plate Outlet Slot Radius IN
EXAMPLE CARD
7 T e e e

e A A e




— - e oy
) ) |
CARD NUMBER 2
CULUMN FORMAT DATA DIMENMSIONS ‘
- , et
1-10 E10.0 R4 = Yalve Flate Inlet Slot Radius IN
11-20 | £10.0 | SWASH = SWASH Angle , DEG
. ) . Motor Internal Leakage to Case at

21-30 £10.0 TLEAK = Steady State Pressur% c1s }

THPRS = Valve Plate Outlet Slot Start 1
31-40 | £E10.0 Angle ' DEC

THPRE = Valve ™iate Outlet Slot End -
41-50 EL10.06 Angle . DEG

THSUCS = Valve Plate lot Start -
51460 | E10.0 | ppoe ‘ Inlet Slot Star DEG

THSUCE = Valve Plate Inlet SIot End s .
61-70 | E10.0 | ano1n ; .’

. LPRESS = Motor [nlet Steady State
71-80 E10.0 Pressure , PSIicG
EXAMPLE CARD
»gg
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CARD NUMBER 3

" - - - -
e N - e
| s i il itk
S s o

COLUMN

FORMAT

DATA

DIMENSIONS

1-10

E10.0

CPRESS = Steady State Case Pressure’

PSI

11-20

E10.0

Case to outlet Pressure Differerice

CSPRESS = at Zero Case Drain Flow

PS1

21-30

E10.0

31-40

F10.0

41-50

E10.0

51-60

E10.0

61-70

E10.0

71-80

E10.0

EXAMPLE CARD
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APPENDIX F (CONT.)

HSFR TECHNICAL MANUAL (AFAYL-TR-76-43, VOL. 1Y)
4.16 MOTOR SUBROUTINE

4.16.1 Introduction and Flow Diagram
SUBROUTINE MOTOR is a3 general, detziled model of a rotating, axial,

nine piston, constant displacement hydraulic motor. The model éomputes
Jynamic inlet and outlet pressures and flows. The main program calculates the
harmonfc load impedances of the rest of the circuit, and this provides.the
linear phase and gain relationship between the harmonic flows into and from

the loads and the corresponding pressures across the loads in the frequency

- domain. A pressure and flow balance is performed in the time domain between

the motor and system. A check of the balance is perfurmed in the frequency
domain. : : .

The wotor model considers valving areas, precompression, decompression,
fluid bulk modulus, and piscon motion. Piston pressure at the beginning of pre-
compression 1s assumed constant and equal to the 1npﬁt steady state inlet pressure.
Piston pressure is then calculated continuously for the full motor revolution.

Figure 4-9 is a general flow chart of the MOTOR sﬁbroutine. The séecifica—
tion section in¢ludes inftialization of variables from input data and the cal-
culation of several constants. At the start RFM the motor indexing variables are
calculated for the plate porting and the valve port areas are computed for a
full 360° revolution. In Section 2, the precompression pressures are computed
followed by the calculation of mctor ouplet flow. A Fourier analysis is performed
t? calculate harmonic flows up through the haimonic of interest. Harmonic pressure
and flow are then balanced dynamically by reconstructing the time dependent outlet
pressure and recomputing flow from Section 3.

For the inlet side, piston decompression and inlet flow are calculated.
A Fourier analysis of inlet flow is performed, followed by dynamic balancing of
inlet flow with the supply system lead. Inlet and outlet flow and pressure
for the harmonic of interest are returﬁed to the main program.

The MOTOR subrontine is divided into eleven sections. Each section is

discussed and a listing of that section is presented {ndividually in subsequent

' paragraphs.

4.16.1.1 Varishle Names - The variable names used in the MOTNR subroutine

are the same and have the identical meaning as those used in the PUMP subroutine.
Some of the PUMP variables have heen deletea. The variables are discussed in

the PI'MP subroutine paragraph 4.1.6.
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FROM MAIN PROGRAM

Call Arguments
Motor Start Speed (WSTART) :
Motor Speed for Current Calfculation {Y)

Qutlet Load impedance for Each Harmon . {ZIP)
Harmonic of Interest (NHARM)

Steady State Qutput Pressure {PRESS)

Motor Speed Increment (WINC)

No. of Pumping Pistons (PIST NO)

intet Code No. (NINLT)

Inlet Load tmpedance fo.r Eachh Harmonic (ZAP)

o000 0GCOOOPO

[Specification Statements]

‘ Check
Y # WSTART et

Initialize Motor Variables from Input
Data Array Parm { )

[&mion 1 - Calculate Valve Port Areas for 360° ]

t ‘ ‘ » Section 2 - Calculate Prcmmpressibn
' ) Pressuyes

¥

Section 3 - Motor Outlet Flow
. Calculation

LSecﬁon 4 . Fourier Analysis of Motor Qutlet Flow]

¥

Catculate Harmonic Flows U;;i

Through Harmoric of Interest

¥

Sectior: 6 - Calcutate Harmonic Pressures
Up Through Harmonic of Interest

$KK=1,2

Section § - Reconstruct Time Dependant
Harmonic Outlet Pressure

- § Inlet Ana!ys?s

Saction 7 - Piston Decompression
Calcudation

®

. FIGURE 4-9
HEFR COMPUTER PRAGGRAM
Muator Sabrouting Flow Chart
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Section 8 - Calculate Motor Inlet

Flow
Y
\ 4
| Section 9 - Fourier Analysis of Motor Inlet Flow |

¥

Section 10 - Calculate Inlet Harmonic
Pressures Un Through Harmonic of Interest

Y KK=1,2

Section 11 - Reconstruct Time Cependent
Harmonic Inlet Pressure

Return - inlet and Outlet Flow ard
Pressure for Harmonic e Am—
of Interest '

v

TO MAIN PROGRAM

GP78.0899 21

FIGURE 4-%({Continued)
HSFR COMPUTER PROGRAM
Motor Subroutine Flow Char?
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4.16.1.2 Specifications and Initialization - Listing
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4.16.2 Section 1 - Vaive Area C

¥igures 4-10 anJd 4-11 illustrate the modeling aafameters for a tvpical

aircraft rotating piston hydraulic motor, including those required for area

calculation-.

Section 1 of the motor model is identical to Section 1 of the pump

Consult paragraph 4.2 for a description of this section.

model.

Section 1 - Listin

4.16.2.1
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4.16.3 Section 2 -~ Calculation of Piston Precompressicn Pressure

Section 2 calculates the cylinder pressure which exists just before the
cylinder slot starts to open to the valve plate outlet (pressure) slot. This
pressure ig the result of piéton mction during that portion of cylindér block
rotation when the cylinder slot is blocked by the valve plate, between the inlet
and outlet slots.
4.26.3.1 Math Model

Piston motion is sinusodial and due to the fixed swash (SWASH) angle of
the hanger. A pressure depénden: factor for leakage from each cylinder to case

3 estimated for cyliﬁder pressure above the input case pressure as

PLEAK = TLEAK/(PRESS*NAPP)
Leakage from the case to each cylinder for cylinder pressures below case
p;esaure 1s estimated from
 SLEAK = ~(TLEAK/NAPS/SQRT{CSPRESS))

Cavitation volume in the cylinder, if any, is calculated and tracked

throughout the cylinder bloc¥ revolution. Piston pressures are stored fof
each position throughout the 360° calculation. Time dependent oscillatory
outlet praessure is initialized to zerc PSI. ;
4.16.3.2 §§§ggyglgg§ - For the first calculation rpm, the piston is assumed

to be completely filled on the inlet stroke and the fnitial cylinder pressure
is assumed to be the input steady state value, The remainder of the simulation
uses the initial cylinder pressure of the last speed calculation. Pressure
dependent leakage, and sinusoidal piston motion are #ssumed. Bulk moduvlus 1is
recalculated at éach step based or the last step cylinder pressure, and the
bulk modulus formula used in FLUID. ) ' :
4.16.3.3 Computation Method - The calculation is performe: .. ./? degree
increments (DANG) with the initial cylinder slot centerline angle (THETA)
computed from the inlet glot end angle (THSUCE} and the cylinder slot half-
angle (SLTHAG}. The number of calculation steps (NSTEPP) is computed based

on index positions defining the end of the 1nlet slot and the beginning . i
of the outlet slot in the valve plate.
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4.16.4 Section 3 - Motor Qutlet Flow Calculation

The calculation of motor outlet flow is identical to that described

The initial calculation is

in Section 4 of the pump model, paragraph 4.5.

based on the input steady state outlet pressure.

4.16.4.1 Section 3 - Listing
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4.16.5 Section & - Fourier Analysis of MotorOutlet Flow
The motor outlet flow is mathematically analyzed as described in

Section 5 of the hydraulic‘pump model, paragraph 4.6. The steady state
balancing in the pump model is not done for the motor.
4.16.5.1 Section 4 - Listing

g SECTICN &= FOURIER ANALYSIS OF MCTN® OUTLET FLOW
COEFe, 02469
Cls.07753
$1 S3INien 4
«CCSIC1) ;
é -Y.O i
s] C H
FNT7200T(1)
)].‘ 'J» :1 0 {
=iy ?i-§;o . , i
‘I= :
¢ . T"ENRM FOUPIER COEFFICTENTS RECUPSIVELY :
" 220 UQ=NQT(T)42,04CHUI-U2 ]
Uesill) )
uieo ;
fel=1 : !
TF(171) 230,230,220 !
230 gorLedoChels(FhTIecou1-U2) g
CQES (1) =Cnerrssu] i
TF (J=hHAEA=1)"2405250,250 i
24v W3L136T3)0R i
¢ U3 ‘ ;
i,
2560 38:2(1:-8 FC(1)%0.5
c IF(GOFC(1).LEs0,01) OQFC(1)=0,01
g 'COMPUTE HARMONIC FLOWS FROM FOURTER ANALYSIS
255 DO 26C I=1,NH
Po1iionk) taNe cnptx(oorstxoxi. 00FC(141))
CONTINUE
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4.1€.7 Section 6 - Reconstruction of Time DeéendentOutlu: Pressure
Motor outlet dynamic pressures are reconstructed as described for

the pump outlet pressure in Section 7, paragraph 4.8. Balanced outlet

fiow (Q(1)) and pressure (P(1)) are stored #&nd control is passed to the

piston decompression section.

4.16.7.1 Section 6 - Listing

SECTICN €~ RECONSTRUCTION OF TIME DEPENDENT DUiLET PRESSURE
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Index

Piston pressure is

4.16.8 Section 7 - Piston Decompression Calculation

The calculation of piston pressure during decompression is identical
to the precompression calculation described in Section 4.16.3.
numbers fur the decompression portion of the block revolution are used.

Cylinder cavitation volume is tracked continuously.
limited to .01 psi if the cylinder cavitates.

4.16.8.1 Section 7 - Listing .
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4.16,9 Sectican 8 - Motor Inlet Flow Calculation

- Section 8 calculates the total inlet motor floﬁ for one cycle tkO‘ of
cylinder block rotation for a nine piston motor). Each of the active pistons
sucking (NAPS) is asequentially incremented through 80 steps. The total outlet
flow is determined by summing that from each piston. The calculation is started

on the index step after the decompression ends. Pressure in the first cylinjier
is initially the finsl decompressinavalue. Pressure in the other open cylinders
is equal to the sum of the previously calculated steady state inlet pressure
(iPRESS) and time dependent oscillating pressure (PPT). Cyliunder pressure and
flow calculated at each step account for piston and valve plate leakage, pressure
drop across the valve, piston motion, and fluid compressibility. The math

wodel of\this section is identical to the pump inlet flow calculation. See
Jection 9, paragraph 4.10 for detalls of the equation derivation.
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4.16.10 Section 9 - Fouriler Analysis of the Motor Inlet Flow
Section 9 performs a mathematical harmonic analysis of the time dependeut

motor total inlet flow calculated in Section 8 of the motor model. ¥low is
calculated over the cycle period for each harmonic from the fundamental up to
and Including the input harmonic of interest. See Section 10, paragraph 4.11 of
the pump model for details of the calculatioms. '

4.,16.10.1 Section 9 - Listing
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4.16.11 Section 10 ~ Ianlet Pressure ~ Flow Balance Calculation

After the calculation of pump inlet flow and its Fcufiet analysis
in Sections 8 and 9, Section, 10 estimates the shunt impedance (20). Shunt
impedance fs then combined with the system supply load impedance (ZIP)
to give the total impedance seen by the pump. This value is then used
in the dynamic pressure-flow balance calculation. The math model is

‘,identical to Section 6, paragraph 4.7 of the PUMP subroutine.
4,16.11.1 Section 10 ~ Listing

SECTION 10= INLET POFSSURE-FLOW BRALANCE CALCULLATION
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4.16.12 Section 11 - Reconstruction of Time Dependent Inlct Pressure

Section 11 computes the time dependent inlet pressures (PET) from
each ¢stimate of complex dynamic inlet pressure {P3) from Section 10.
The dynamic balance counter (KK) is incremeuted and control is returned
to Section 8 until dynamic balancing is completed. Complex pump inlet
flow Q (NINLT) and pressure P (NINLT) cor the harmcnic of interest are
then stored fcr returning to the main program.

The math model for Section 11 is identical to that for Section 12,
paragraph 4.13 in the pump model.
4.16.12.1 Section 11 - Listing

CTION 31—~ RECOMSTRUCTION AOF TIFME DEPFNDENT INLET PRESSURE
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APPENDIX F (CONT)
HYTRAN USER MANUAL (AFAPL-TR-76 43, VOL. I)

6.56 TYPE #56 - HYDRAULIC MOTCR

CONNECTION NO. 2

—>01 P}
busner 27 S
* CONNECTION NO. 1

! CONNECTTON NO. 3

(CASE DRAIN)
FIGURE 6.56-1

TYPE NO. 56 HYDRAULIC MOTOR

Type #56 motor is used to simulate a constant displacement hydraulic motor.
In developing the model it has been necessary to estimate certair leakage

characteristics and assume a viscous damping roefficient.
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CARD NUMBER 1

COLUMN FORMAT DATA
1-5 15 Component Number
6-10 15 Type Number = 56
11-15 15 1 Number of Real Data Cards = 2 -
r}6-20 15 Lire Number (with sign) attached to Connection 1 (Inlet)
21-25 15 Line Numb~r (with sign) attached to Connecrion 2 (Qutlet)
26-30 15 Line Number (with sign) attached to Connection 3 (Case Drain)
31-35 15 »
36-40 15 ' ‘ j
61-45 | 15 -
46-50 15 ’
51-55 15 i
56-60 15 ' i
61-65 15 ' !
Les-10 | 15 §
71-75 15 . §
76-80 LS Temperature/Pressure Code (See Pag? 4.0-2) %

EXAMPLE CARD

t
. s»‘m.ﬁ’a&A
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CARD NUMBER 2

COLUMN ‘ FORMAT DATA DIMENSIONS
1-10 | E10.0 Motor Displacement IN3/REV
11-20 E10.0 Case Drain Leakage Coefficient PSI/CIS
21-30 £10.0 Case DrainFConstant Pressure Drop PSI

31-40 E10.0 Viscéus Damping Coefficient -

41-50 | E10.0 Motor Inertia IK-LB-SEC’
51-60 ElO.Q Breakout Torqﬁe In-1B¢
61-70 ELOLO Motor Constant Pressure Drop PSI
‘71‘30 | EL10.0 Motor Leakage Coefficient PSI/CIS

EXAMPLE CARD

326
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CARD NUMBER. 3
COLUMN FORMAT DATA ' DIMENSIONS
1-10 E10.0 LOAD TORQUE ) IN-LBS

11-20 E10.0

21-30 | El0.0

' 31-40 E10.0

41-50 E10.0

51-60 E10.0

61-70 E10.0

71-80 E10.0

EXAMPLE CARD
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" APPENDIX F (CONT)
HYTRAN USER MANUAL (AFAPL-TR-76-43, VOL. I)

6.56 SUBROUTINE MIR 56
MTR 56 simulates a fixed displacement piston motor. Figure 6.56-1 shows

an axial piston motor having a stationary hanger and using valve plate porting.
The valve plate ports inlet fluid to half of the cylinder barrel, and the pistons
receiving the fluid are forced against the inclined fixed hanger. This causes
the‘cylinder, which is connected to the output shaft, to rotate.

The HYTRAN motor mcdel accounts for internal leakage to case which is

directly proportional to motor pressure. The dynamic anzlysis of the load and

case flows and port pressures are functions of motor inertia, volumetric dis-

placement, viscous damping, friction, and shaft rotation.

CONNECTION NO. 2
“€—0G2 P

—>0
CONNECTION NO. 1

’ ‘ m CONNECTION NO. 3

FICURE 6.56-1 ‘
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6.56.1 MATH MODEL
MIR55 simulates a simple hydraulic motor. Figure 6.56-2 shows the various

torques acting on the motor.

P . | ‘ . Ty Tq Ty T

' P2 \ ‘

‘R ‘ y, |

Figure 6.56-2

Summing the térques yiglds:
T1 - Tg - Ti - Td - Tf
| ‘ where '1‘1 = résisting load torque on the motor (in.lh)
' T8 = generated motor torque l
= resisting torque due to motor inertié

T, = resisting torque due to damping

Tf = resisting torque due to friét;on
The load torque (Tl) is set to zero.  The other torques are defined as:
Tg = DM%(P1-P2)
A = - *
T, *= ALPHA®I = (RPS Rpslast) I/t
Tq = CDADMAp*RPS

¢ RPS

e ROFADME
e = |zpe) "CPADH* (PL4P2)

P 329
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where, . , !
DM = motor displacement (INBIRAD)
Pl = inlet pressure (PSIA)
P2 = outlet pressure (PSIA)
" RPS= motor speed (RAD/SEC) .
Rpslast = last time step calculafion of motor speed (RAD/SEC)
CD = damping coefficient
B "=  fluid viscosity (INZ/SEC)
CF = coefficient of dynamic friction
t = calculation time step (SEC)
I = ‘motor inertia (LB*IN*SEC’)

Using the last time step's calculation'of P1, B2 and RPS, a value for the friction
torque may be calculated.
T, = RPSlasg

*CF* * =
f ‘RPS CF*DM* (P1+P2) DFRIC

lastj.

Grouping of the inertia and dawping components of the torque equation allows

further simplification.

T, +T

4 PR CD*DM*u*RPS'+ (RPS-RP3

last)*I/At

= RPS(u*DM*CD+1/At) - RPS st*I/At

la
By defining the variables:
' DAMP = CD* IADM+I/AT

I‘ 2' *
CINERT Rpslast I/At

The torque balance becomes

T1 = DM*(P1~P2)-RPS*DAMP-DFRIC+CINERT

with P1, P2 and RPS being thke unknu.ms
The flow diagram for the motor, Figure 6.56-3 gives the following flow

relationships:
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Figure 6.56-3

Ql = (C1-P1)/z1 W

Q2 ~ (C2-P2)/722 , (2)
Q3 = QCL+QC2 = (C3-P3)/Z3 ‘ . (3)
QM = RPS*DM

QC1 = (PI-P3)/ZCASE
QC2 = (P2-P3)/ZCASE
where
ZCASE = case leakage coefficient (PSf/CIS)
P3 = case drain pressure (PSIA)
Initiaily assuming QCl and QC2 are zero one can write
Pl = C1 - pM * Rps * 7]
P2 = C2 + pM * RPS % 22

IO B O

S O s e i e e
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having found P! and P2 in terms of RPS, the torque balance becomes
TL = DM (P1-P2) + CINERT - DPRiIC ~ RPS * DAMP

the solution of which is3:
RPS = (DM (P1-P2) + CINERI - DPRIC -~ €RPS * TL)/DAHP

where

TL = Load Totqué

All the motor flows may now be calculated and P3 determined using the values cf
P1l, P2 and C3.
6.56.2 ASSUMPTIONS

Breai.out pressure drop is assumed to follow the relationship

delta P = _5%p + 30, which was derived from the test results.

brk inlet
The coefficient of dynamic friccion is assumed to be .106.
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6.56.3 COMPUTATIONAL METHOD
100G SECTION
In the 1000 section, all DT variables are initialized to zero and the

leakage terms are cor:ected for viscosity.

1500 SECTION ,

A check is made for the leg under calculation (pressure, return,
case drain), by which control is routed to one of three areas.

If the motor comnection in the leg is number one (préssure). DT(P1)
is set equal tc the upstream node pressure and control is returned to the
program. ’

If the motor’connection is number 2 (return), new values of the upstream
pressure and laminar flow coefficient ares calculated using the leg flow and
cross port leakage term. DT(P2) is set equal to the upstream pressure.

If the leg under éalculation is connected to the case drain port, the leg
flow and case drain leakage term are used to calculate new vzlues of upstream
pressure and laminar flow coefficient. bT(PB) is set equai to the upstream
pressure.

2000 SECTION

The 2000 sectioh corrects cross port and case drain impedances for
viscosity and calculates the constant DT(DAMP).

3000 SECTION ‘ ,

Predicted -alues of Pl, ?2, and P3 are uade based on the line
equations. These values are used to calculate the dynamic friction force,
the motor delta P for a breal'out check, and case drain pérameters.

From the predicted pressurés, values of the temporary variables are
calcuiated. ‘ : V

A check is then made, using the predicted values of Pi and P2, to see if
the pressure drop across the motor is sufficient for breakout.

If the last calculation cf RPS is zero and the predicted value of the

presgure drop is less than that required for breakout, flows and pressures

' are calculated using the leakage characteristics of the motor.

If breakout conditions are met, a new value of RPS is calculated, from

‘which flows and pressures are calrulated.
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6.56.4 APPROXIMAT1ONS

Cése drain flow is calculated based on a predicted value of case
preésure from the previous time step. Since cross port leakage is negligible,
1t is neglected when the motor is moving.
6.50.5 LIMITATIQ§§ ‘

Theisign of the dynamic friction term is determined from the last time
steps calculation of RPS. This will cause a slight inaccuracy when the

mocdel passes through zero RPS during a reversal,

6.56.6 VARIABLE NAMES
el SAARLS

VARIABLE

DESCRIPTION

UNITS

ARPS Absolute Value of Motor Speed RAD/SEC ‘

BRAKEP Breakout Pressure Drop . PST

D(BRAKET) Breakout anéue ' IN-LB

D{CASE) Case Drain Léakage Coefficiant PSI/C1S

CIN/cour Temporary Variables -

CINERT Torque Due tro Inertia IN-LB-RAD

D{CDROP) Motor Pressure Drop Coefficient PSI/C1S

DT (DAMP) Inertia Damping IN-—LB—SEC2

DELT Calculation Time Interval SEC

DELTP Motor Pressure Drop PSI

"DFRIC Torque Due to Dynamic Frictién IN~LB/RAD

b (M) Motor Displacement INB/RAD

D(INERT) Inertia of Motor' IN-LB~SEC

L), L2, L3 Dummy Variablesg e

D(LTORQ) Load Torque IN-LB

DT(P1) Inlet Pressure PSYT

DT (P2) Cutlet Pressure PSI

DT(P3) Case Drain Pressure PST

4 Flow c1s

Qs F'.w Sign ———

QC1 Inlet to Case Flow CIs

QC2 Outlet to Case Flow Cis

DT(RPS) Motor Speed RAD/SEC

DIVIDAMP) Viscous Damping Coefficient -

DT (ZCASE) Case Draln Impedance PSI/CIS

Z1 Temporary Variable -

22 Temporéry Variable -

Z3 Temporary Variable —— :
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6.56.7 MIR56 SUBROUTINE LISTING (CONTINUED)
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